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Production of bioethanol from lignocellulosic residues has attracted 
considerable research interest in the past decade, as lignocellulosic residues 
are the most abundant renewable material and they have the potential to serve 
as a sustainable feedstock for biofuel production. In the fermentation of 
lignocellulosic biomass, the microorganisms must be robust to the growth 
inhibitors resulting from the pretreatment of the biomass, that they can 
effectively convert high sugars concentrations, while they can concomitantly 
tolerate high ethanol concentration. Furthermore, for economical feasibility of 
lignocellulosic bioethanol, both glucose and xylose in the pretreatment 
hydrolysate must to be converted to bioethanol. These challenges to 
lignocellulosic biomass fermentation are more severe when fermentation is 
carried out at high-loading solid and cells are exposed to much higher stresses 
from the inhibitory present in the fermentation broth. In this study, an 
immobilized-cell hollow fiber membrane bioreactor (IHFMB) was developed 
to mitigate these challenges and facilitate high throughput fermentation of 
lignocellulosic biomass to bioethanol.  
In the first part of this research, an IHFMB resembling a shell and tube 
dialysis module was designed and operated to mitigate the effect of various 
inhibitors present in lignocellulosic hydrolysate. In this configuration, the 
hollow fiber membrane served as a barrier to shield the actively growing 
Zymomonas mobilis ATCC 31821 immobilized within the porous matrix from 
the toxic inhibitors. Four common inhibitors including furfural (1- 2 g/L), 5-
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hydroxymethylfurfural (2- 4 g/L), vanillin (1-2 g/L) and syrinaldehyde (0.5- 1 
g/L) were used in the fermentation medium and their effects on growth and 
ethanol production in IHFMB were investigated. In the suspension, individual 
compound had negative effects on cell growth and ethanol production as 
growth rate of Z. mobilis decreased by 20-50%, cell concentration declined by 
10-70%, and ethanol concentration lowered by 10-60%. In the medium with 
the mixture of low concentration of inhibitors (1 g/L furfural, 2 g/L 
hydroxymethylfurfural, 1 g/L vanillin and 0.5 g/L syrinaldehyde), suspended 
cells was unable to survive. However, the Z. mobilis immobilized in IHFMB 
showed success in fermenting 20 g/L of glucose into bioethanol in the 
presence of high concentration of inhibitors (2 g/L furfural, 4 g/L 
hydroxymethylfurfural, 2 g/L vanillin and 1 g/L syrinaldehyde). Glucose was 
consumed within 15 hours and 95% of the theoretical ethanol yield was 
achieved. By doubling the packing density from 0.13 to 0.26, a 71% increase 
in ethanol productivity could be achieved. Likewise, doubling feed flow rate 
from 10 to 20 mL/min gave a 28% increase in ethanol productivity. The 
IHFMB was operated for 20 consecutive batch operations for 240 h at 
identical conditions and the bioreactor performance remained stable. The 
results indicate that the use of IHFMB can simplify bioethanol production 
process by doing away with any pre-fermentation treatment for removal of 
inhibitors from the hydrolysate and it can then save time and energy.  
In the second part of this research, the performance of the IHFMB was 
investigated in mitigating substrate inhibition at high glucose concentration. 
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Prior to IHFMB operation, the inhibitory concentration of glucose for 
suspended cells of Z. mobilis determined was 140 g/L. At this concentration 
microorganism exhibits a long lag phase (6 h), low growth rate and low 
ethanol yield (65% theoretical ethanol yield). However, using IHFMB 
microorganism could successfully ferment 200 g/L of glucose with high 
ethanol yield (76% theoretical ethanol yield). By optimization of operating 
parameters such as packing density at 0.26, and flow rate at 20 mL/min, 
IHFMB performance could be further increased and the ethanol yield achieved 
was near the max theoretical yield (92%). The reusability results demonstrated 
that the IHFMB was stable for 6 batches over 252 h.  
To further improve the efficiency of lignocellulosic bioethanol 
fermented in the IHFMB, the IHFMB was modified to submerged 
immobilized-cell hollow fiber membrane bioreactor (SHFMB) to 
simultaneously convert glucose and xylose to ethanol through co-culture. 
Zymomonas mobilis ATCC 31821 and Pichia stipitis ATCC 58376 were 
immobilized separately in the hollow fiber membranes and then were 
incorporated into the SHFMB for co-fermentation of glucose and xylose. It 
was observed that the SHFMB facilitated efficient bioethanol production by 
shielding the P. stipitis cells from glucose repression and product inhibition. 
The SHFMB could also separate the co-culture cells from each other for 
process optimization. The bioreactor performance was evaluated at various 
operating parameters including the initial concentration of glucose and xylose, 
packing density of fibers containing different microorganisms and under 
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regulated oxygen supply. Through co-culture fermentation in the SHFMB, 40 
g/L xylose could be easily converted into bioethanol in the presence of 80 g/L 
glucose achieving about 79% of theoretical ethanol yield. The SHFMB 
remained stable at identical conditions over 200 hours. 
In the final part of this research, the SHFMB was used to simultaneous 
saccharification and co-fermentation of Jatropha curcas fruit hull at high solid 
loadings for high ethanol titer. Jatropha curcas fruit hull slurry obtained from 
alkaline pretreatment showed relatively high concentration of degradation 
compounds including 3 g/L formic acid, 5.3 g/L acetic acid, 3.25 g/L vanillin. 
The SHFMB was operated in fed-batch mode and the operating parameters 
including the ratio of packing density for Z. mobilis to that for P. stipitis, and 
the aeration rates were optimized. Fed-batch mode showed the ability of the 
IHFMB in fermenting up to 28% dry solids with 80% conversion of the sugar 
to ethanol. Bioreactor sustainability results demonstrated that the SHFMB was 
stable over three runs during 252 h with high yield and productivity. 
The results from this research demonstrated the strengths and potential 
of the Immobilized-Cell Hollow Fiber Membrane Bioreactor in lignocellulosic 
bioethanol production. The membranes barrier for cells could alleviate 
inhibitory effects of the toxic compounds in the hydrolysate, high 
concentration of ethanol and glucose. The IHFMB could prevent glucose 
depression in co-culture fermentation, resulting in high flexibility in 
optimizing the operation. The IHFMB also exhibited high stability and 
sustainability in long term operation. By allowing Z. mobilis and P. stipitis 
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cells to co-exist, grow and ferment glucose and xylose, the IHFMB achieved 
high sugar conversion and ethanol yield approached theoretical maximum. 
These results indicate that IHFMB can tackle most of the operational problems 
involved in lignocellulosic fermentation. It can be a formidable system in 
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CHAPTER 1. INTRODUCTION 
Lignocellulosic biomass can offer large benefits in generating renewable 
energy in terms of sustainability, security and rural economic development. 
However, there are several challenges in the pretreatment, hydrolysis and 
fermentation of lignocellulosic biomass into biofuel. This chapter provides 
detailed introduction of the challenges involved in sustainable and economical 
production of biofuels from lignocellulose. The chapter also describes the 
rationale for embarking on this project and some innovative ways to mitigate 
these problems.  
1.1. Background and Research Motivations 
‘First generation’ biofuels involve growing sugar and starch containing 
crops such as sugar cane and corn. These crops are then harvested for ethanol 
fermentation. Currently, ‘first generation’ biofuels are in commercial use in 
many countries (de Souza, Grandis et al. 2014). For example, Brazil is the 
world’s largest ethanol exporter, accounting for approximately 45% of global 
production and all of Brazil’s bioethanol is produced from sugarcane (Balat 
and Balat 2009; Demirbas, Balat et al. 2009). However, this practice has of 
producing fuel from viable food sources is not sustainable, especially in the 
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context of food countries in poor countries in Africa and Asia (Abril and Abril 
2009; Deenanath, Iyuke et al. 2012). These concerns have spurred research in 
the direction of ‘second generation’ biofuels which use lignocellulosic 
biomass as the organic carbon source. These lignocellulosic materials consist 
of unwanted agricultural wastes and forest residues which are available in 
ample amount and do not affect the food sources (Ahmed, Nguyen et al. 2013; 
Buruiana, Garrote et al. 2013; Dhabhai, Chaurasia et al. 2013). 
In spite of several breakthroughs reported on bioethanol production from 
lignocellulosic feedstock, the cost of cellulosic ethanol is found to be two to 
three times higher than the current price of gasoline on an energy equivalent 
basis due to several constrains. As can be seen from Table 1-1, key critical 
issues to achieve progress included four topical areas; (1) feedstocks for 
biofuels, (2) feedstocks deconstruction to sugars, (3) sugar fermentation to 
ethanol, and (4) consolidated processing. Among these technical barriers, the 
processes involved in depolymerizing carbohydrates from recalcitrant 
renewable biomass, transforming the mixed sugars mainly including glucose 
and xylose to ethanol, and integrating multiple processes in single reactor have 




Table 1-1 Key technical issue in commercialization of lignocellulosic 
bioethanol 
Technical issue Goal 
Feedstocks 
Develop sustainable 
technologies to supply 
biomass to biorefineries 
Better composition and 










to produce low-cost 
sugars from 
lignocellulosic biomass 
Pretreatment Reduced severity 
Reduced waste 




Enzyme hydrolysis to 
sugars 
Enzyme hydrolysis to 
sugars 
Sugar fermentation to 
ethanol 
Develop technologies to 
produce fuels, 
chemicals, and power 
from biobased sugars 












Reduce process steps 
and complexity by 
integrating multiple 





combined in one reactor 
Production of hydrolytic 
enzymes, fermentation 
of needed products 
Process tolerance & 
stable integrated traits; 
All processes combined 






The conversion of lignocellulosic biomass to ethanol is carried out in 
four main steps: thermo-chemical pretreatment of biomass, enzymatic 
hydrolysis of the cellulose and hemicellulose, a microbial fermentation of the 
resulting sugars and distillation of the fermentation broth to recover ethanol 
(Gray 2007; El-Naggar, Deraz et al. 2014). The carbohydrates contained in 
lignocellulose are polymeric compounds such as cellulose and hemicellulose, 
which are covered by lignin (Anderson and Akin 2008; Alvira, Tom et al. 
2009). Lignocellulosic materials are thus recalcitrant to hydrolysis 
(saccharification) and require several steps before they can be converted to 
bioethanol which makes the process complex.  
Pretreatment is carried out under severe conditions to break and/or 
remove lignin, depolymerize cellulose and hemicellulose and make the 
biomass more amenable to hydrolytic enzymes (Mosier 2005; Percival Zhang, 
Berson et al. 2009). When lignocellulosic materials are pre-treated using 
thermo-chemical methods such as steam explosion and dilute acid, the 
hydrolysate generated is usually rich in inhibitory compounds for the 
fermentative yeast. These inhibitors are by-products produced from the 
degradation of the three main constituents of lignocellulose - cellulose, 
hemicelluloses and lignin (Palmqvist 2000; Taherzadeh and Karimi 2011). 
These inhibitors adversely affect cell growth and biomass yield which lowers 
ethanol productivity and the final ethanol yield during fermentation (Zaldivar 




The inhibitors produced during pretreatment can be classified into three 
groups: furan derivatives such as furfural and 5-hydrolyfurfural (5-HMF), 
phenolic compounds and weak organic acids (Klinke, Olsson et al. 2003). 
These compounds affect physiology of microorganisms and often results in 
decreased viability, lower metabolite yield and diminished productivity 
(Klinke, Olsson et al. 2003; Duarte, Carvalheiro et al. 2006; Heer and Sauer 
2008). Fermentation of such toxic hydrolysate containing multiple inhibitors 
requires detoxification of the hydrolysate prior to its addition in the 
fermentation broth. The techniques which are commonly used for the 
detoxification include application of chemicals (Alriksson, Cavka et al. 2011; 
Cavka and Jönsson 2013) ion exchange resins (Saeed, Fatehi et al. 2012), 
adsorption (Liu, Fatehi et al. 2012), solvent extraction (Carter, Squillace et al. 
2011; Liu, Fatehi et al. 2012), biological approaches including the application 
of microorganisms (Nichols, Sharma et al. 2008; Zhang, Zhu et al. 2010) or 
cellular enzymes (Moreno, Ibarra et al. 2013; Moreno, Tomás-Pejó et al. 
2013). However, all of these techniques have one or other limitations which 
includes specific affinities of the detoxifying agent, sugar loss and additional 
filtration steps. In another approach, genetic engineering has been used to 
develop recombinant microorganisms (Lewis Liu, Ma et al. 2009; Ma, Liu et 
al. 2012; Ask, Mapelli et al. 2013; Jayakody, Horie et al. 2013) which are 
capable of expressing the traits necessary to suppress the inhibitory effects of 
the hydrolysate. However this approach is applicable only to a specific group 
of inhibitors and a change in hydrolysate composition may be detrimental for 
the recombinant microorganisms. 
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The second challenge to lignocellulosic bioethanol production is the 
presence of both glucose and xylose as the two dominant sugars in 
lignocellulosic hydrolysate (Antoni, Zverlov et al. 2007; Balat and Balat 
2009). In order to achieve high product yield, both of these sugars should be 
efficiently fermented efficiently (Chandrakant and Bisaria 1998; Wyman 
1999; Kumar, Singh et al. 2009). Several microorganisms, including bacteria, 
yeasts have been reported as able to ferment lignocellulosic bioethanol. 
Among them Zymomonas mobilis (Mazaheri, Shojaosadati et al. 2012; 
Wirawan, Cheng et al. 2012; Chandra, Abha et al. 2013), Saccharomyces 
cerevisae (Zaldivar, Roca et al. 2005; Sindhu, Kuttiraja et al. 2011; Fujii, 
Matsushika et al. 2013) and Pichia stipitis (Takahashi, Tanifuji et al. 2013; 
Shi, Zhang et al. 2014; Singh, Majumder et al. 2014) are the most relevant in 
the context of lignocellulosic bioethanol processes.  
The yeast S. cerevisae is the most commonly used microorganism in 
traditional industrial fermentations, it effectively ferments simple hexose such 
as glucose, mannose and galactose to ethanol. When compared to S. cerevisae, 
Z. mobilis presents several advantages such as the ability to ferment glucose to 
ethanol with high yield and has higher specific ethanol productivity (Rogers, 
Jeon et al. 2007). Contrary to S. cerevisae, the yeast P. stipitis is able to 
metabolize xylose to ethanol (Agbogbo and Coward-Kelly 2008). Therefore it 
received special attention when considering hemicellulose conversion to 
ethanol. However, there are no known native microorganisms which can 
convert both glucose and xylose into ethanol at high yield. This lack of 
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industrially robust microorganism for co-fermentation of glucose and xylose 
has been a major barrier in improving the product yield in cellulosic 
bioethanol fermentation. 
Two approaches have been evolved to tackle this problem: first is the 
construction of genetically modified microorganisms containing both glucose 
and xylose fermentation pathways. Several genetically modified strains of 
Zymomonas mobilis (Zhang, Eddy et al. 1995; Zaldivar, Nielsen et al. 2001; 
Yanase, Nozaki et al. 2005), and Saccharomyces cerevisae (Ha, Kim et al. 
2013; Ge, Zhang et al. 2014; Zha, Shen et al. 2014) have been prepared which 
have demonstrated concomitant metabolism of the two sugars. Despite 
showing potential in the metabolism of xylose, these recombinant cells still 
face a lot of problems, mainly low xylose conversion, low ethanol tolerance 
and susceptibility to inhibitors present in hydrolysate. Consequently, use of 
genetically modified microorganisms at present appears not an ideally feasible 
option for cellulosic bioethanol fermentation.  
The second approach to facilitate uptake of both glucose and xylose 
from hydrolysate is to use a co-culture system with two microorganisms: one 
with preference for glucose and another for xylose (Chen 2011; Hickert, 
Souza-Cruz et al. 2013; Singh, Majumder et al. 2014). In order to effect a 
stable co-culture system, certain requirements must be met. The important 
requirement is the compatibility between the two fermenting strains which 
would allow them to coexist and grow together. However, the major 
challenges in establishing a high-throughput co-culture system arise from 
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catabolite repression and conflict in the fermentation condition (Chen 2011). It 
has been observed that xylose fermentation by various microorganisms such as 
Pichia stipitis and C. shehatae, can be suppressed in the presence of even a 
low amount (2.3 g/L) of glucose (Grootjen, Jansen et al. 1991). In addition, 
low level of oxygen is necessary for efficient ethanol formation from xylose 
by P. stipitis while S. cereviase does not require oxygen to ferment glucose. 
Some efforts have been made to address this concern through genetic 
engineering. For example, catabolite repressed mutant P. stipitis (Kordowska-
Wiater and Targoński 2002) and respiratory-deficient mutant S. cerevisae 
(Dikicioglu, Pir et al. 2008; Ortiz-Muñiz, Carvajal-Zarrabal et al. 2012) have 
been shown to prevent catabolite repression and oxygen conflict in coculture 
of these two microorganisms (Kordowska-wiater M 2002). However, these co-
culture systems, both native and engineered, perform usually at low 
concentration of the mixed sugars (<40 g/L of glucose and 10-15 g/L of 
xylose). These microbial systems may not work in the fermentation of 
hydrolysate containing multiple inhibitors.  
The third challenge to lignocellulosic bioethanol production comes from 
the reduced activity of the hydrolytic enzymes due to feedback inhibition. It 
has been observed that the enzymes cellulose, responsible for enzymatic 
hydrolysis of pretreated cellulosic biomass, is strongly inhibited by the 
hydrolysis products such as glucose, xylose, cellobiose and other 
oligosaccharides, and the growth inhibitors. One approach to alleviate this 
challenge is through simultaneous saccharification and fermentation (SSF) 
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(Olofsson, Bertilsson et al. 2008; Watanabe, Miyata et al. 2012). SSF 
combines enzymatic hydrolysis with ethanol fermentation to keep a low 
glucose concentration in the bioreactor. Due to the reduction of glucose 
inhibition in the enzymatic hydrolysis during SSF, the detoxifying effects of 
fermentation, and the positive effects of inhibitors present in the pretreatment 
hydrolysate in fermentation, SSF had been proved to be a better process 
configuration than a two step hydrolysis and fermentation. In addition, SSF is 
also believed to be more economical and a two-step process. 
In order to achieve high ethanol concentration (>40 g/L), high yield and 
lower downstream separation costs, solid loadings of higher than 15% is 
required during fermentation, and a solid loading of 15% or more is desired to 
improve the efficiency of fermentation (Koppram, Tomás-Pejó et al. 2014). A 
higher amount of biomass available to the bioreactor results in higher sugar 
concentrations and higher ethanol production. However, high-solids slurries 
tend to be viscous which associated with challenges like mixing (Jorgensen, 
Vibe-Pedersen et al. 2007; Hoyer, Galbe et al. 2010). In addition, high 
concentration of sugars at higher solid loading comes at the cost if higher 
concentrations of the inhibitors. Often, microorganisms cannot tolerate these 
concentrations. Consequently, few studies have been carried out to investigate 
the fermentation of both glucose and xylose at high solid loadings in a 
bioreactor.  
One of the strategies to protect microorganisms against various 
inhibitors is cell immobilization. Cell immobilization was defined as “the 
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physical confinement of intact cells to a certain region of space with 
preservation of some desired catalytic activity” (Kourkoutas, Bekatorou et al. 
2004). Generally immobilization techniques include: (1) attachment or 
adsorption on solid carrier surface, (b) entrapment within a porous matrix, (c) 
self aggregation, and (d) cell containment behind barriers. Selection of the 
most appropriate method for cell immobilization is a critical factor that 
determines activity of the cells (Karel, Libicki et al. 1985). 
In comparison with conventional fermentation processes, use of 
immobilized cells offers many advantages such as (1) prolonged stability of 
the cell; (2) higher cell density per unit bioreactor volume which leads to 
higher volumetric productivity, shorter fermentation times and elimination of 
non-productive cell growth phases; (3) higher substrate uptake and higher 
product yield; (4) feasibility of continuous without cell wash-out; (5) higher 
tolerance to substrate and product inhibition; (6) regeneration and reuse of the 
cells for extended periods (Kourkoutas, Bekatorou et al. 2004) .  
Cell immobilization has been widely used in industrial wastewater 
treatment, wine and beer production, medical application etc. Cell 
immobilization has also been used in lignocellulosic bioethanol production, 
for example cell immobilization in silica hydrogel films (De Bari, De Canio et 
al. 2013). Saccharomyces cerevisiae and S. stipitis were carried out in silica 
hydrogels for bioethanol production. The results indicated that immobilization 
of S. stipitis in silica-hydrogel increased the relative consumption rate of 
xylose-to-glucose by 2-6 times depending on the composition of the 
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fermentation medium. However, on the whole, the final process yields 
obtained with the immobilized cells were not meaningfully different from that 
of the free cells. In another study, S. cerevisiae entrapment in alginate beads 
and Lentikat discs (Mathew, Crook et al. 2013) resulted in significantly higher 
bioethanol yields compared to when cells were free in suspension or 
immobilized as a biofilm on a support material. Another system using 
Zymomonas mobilis cells immobilized in calcium alginate and polyvinyl 
alcohol (Wirawan, Cheng et al. 2012). The results showed that PVA 
immobilized cells with the simultaneous saccharification and fermentation 
process gave the highest ethanol concentration of 6.24 g/L, with an ethanol 
yield of 79.09% and a maximum ethanol productivity of 3.04 g/L.h. In 
contrast, the performance of CA-immobilized cells with SHF was poorer, with 
the highest ethanol concentration, ethanol yield, and maximum ethanol 
productivity was only 5.52 g/L, 69.96% and 2.37 g/L.h, respectively.  
Although cell immobilization improves fermentation in lignocellulosic 
bioethanol production, most of the immobilized system is based on entrapment 
of microorganisms in porous polymers or microcapsules which operated at 
relatively low sugar concentration or low-solid loading. In these immobilized-
cell systems, long term stability and reusability of the bioreactor has not been 
discussed (Lebeau, Jouenne et al. 1996; Mathew, Crook et al. 2013; Mathew, 
Crook et al. 2014). There are also few studies reported in literature on the use 
of immobilized-cell in fermenting real hydrolysate at high-solid loading 
producing ethanol at high concentration and high yield.  
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In biotechnology, the hollow fiber membrane has been widely used as a 
tool for immobilization of microorganism to carry biotransformation 
processes. Inloes and co-workers designed a hollow-fiber membrane 
bioreactor to immobilize recombinant Escherichia coli C600 for the 
production of β-lactamase (Inloes, Smith et al. 1983). It was found that the cell 
accumulated in the membrane to extremely high densities at 1012 cells/mL of 
accessible void volume. Comparison with the same E. coli cells which was 
immobilized in carrageenan gel beads attained a level of 1.51010 cells/mL, 
cell densities for hollow fiber membrane culture are one to two orders of 
magnitude higher than those possible using more conventional techniques. 
Production rates of β-lactamase, remained at high and relative stable for more 
than three weeks of continuous operation.  
 More recently, Chung and co-workers (1998) developed asymmetric 
polysulfone hollow fiber membranes of 0.2-0.7 μm pore size for immobilizing 
P. putida in biodegradation of high concentration of phenol. SEM analysis 
showed that the bacteria diffused into the porous area of the membranes on 
prolonged contact and were retained inside. These immobilized cells could 
biodegrade inhibitory phenol concentrations in a relatively shorter time. The 
immobilized microorganisms could biodegrade phenol concentrations as high 
as 3500 mg/L (Li and Loh 2005; Li and Loh 2006)  
A hollow fiber is a cylindrical membrane structure with a hollow tubular 
centre, termed as the lumen. The hollow fiber membrane can be either 
symmetric or asymmetric. The structure of a symmetric hollow fiber 
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membrane is uniform whereas an asymmetric membrane typically has a thin 
microporous skin and a matrix of macroporous materials containing numerous 
large voids (Chung, Loh et al. 1998; Li and Loh 2006).  
There are several attractive properties of hollow fiber membrane for the 
purpose of microbial immobilization. Firstly, hollow fiber immobilized cells, 
or immobilized cells in general, have numerous advantages compared to free 
cell systems.  Immobilization allows easy recycling of cells for subsequent 
batch of production whereas in free cell system, every fresh batch must be 
inoculated with the necessary microbial strains (Bunch 1988). Containment of 
cells via immobilization also facilitates separation of products and cells, 
leading to simplification of downstream processing. In most cases, 
immobilization also enhances catalyst stability. In specific cases, hollow fiber 
membrane provides a good low shear environment for cultivation of cells with 
fragile plasma membranes (Piret and Cooney 1990; Lloyd and Bunch 1996; 
Dagher, Ragout et al. 2010). Secondly, hollow-fiber membrane bioreactor 
using asymmetric membrane is known to support high cell density (Inloes, 
Smith et al. 1983; Inloes, Taylor et al. 1983). This is due to presence of 
numerous voids in the matrix wherein the microorganism could be 
immobilized and are protected from adverse conditions of the external fluid 
environment, hence facilitating cell growth and multiplication (Vick Roy, 
Blanch et al. 1983). Thirdly, compared to immobilization techniques such as 
covalent cross-linking and ionic adsorption, hollow fiber membrane presents a 
mild immobilization condition whereby cells are passively attached to the wall 
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of the membrane voids (Yang, Teo et al. 2006; Krastanov, Blazheva et al. 
2007). Fourthly, as pointed out by Loh and coworkers (1998, 1999), the mass 
transfer limitation of the hollow fiber membrane can be exploited to mitigate 
substrate inhibition on immobilized cells. There is the potential of hollow fiber 
immobilized cells to maintain high productivity even when substrate 
concentration is significantly inhibitory to the productivity of free cell 
systems. 
In conclusion, immobilization in hollow fiber membrane bioreactor is 
expected to have distinct advantages over other developed immobilized whole 
cell system. This immobilization is less complex when compared with 
techniques that require simultaneous entrapment of cells and matrix formation. 
The most important is the simple design, it can shield the cells, protect it from 
the stress from the broth, offers different conditions for optimization for each 
cell inside the pores. Hollow fiber membranes can be fabricated in a process 
separate from the inoculation procedure, thus allowing for more flexibility in 
altering both structural and transport properties of the immobilization support 
without compromising cell viability and productivity. In addition, reusability 




1.2. Objectives  
The overall objective of this thesis is to develop an immobilized-cell 
hollow fiber membrane bioreactor to alleviate the challenges in current 
lignocellulosic bioethanol production, and improve the efficiency of 
fermentation.  
 The specific research objectives include: 
1. To develop an immobilized-cell hollow fiber membrane bioreactor 
to alleviate inhibitors in lignocellulosic hydrolysate.  
2. To investigate the performance of immobilized-cell hollow fiber 
membrane bioreactor in mitigating substrate inhibition. 
3. To co-coculture Zymomonas mobilis and Pichia stipitis in 
immobilized-cell hollow fiber membrane for simultaneous 
fermentation on glucose and xylose.  
4. To investigate immobilized-cell membrane bioreactor for 
simultaneous saccharification and co-fermentation of high-loading 
of solid. 
The schematic layout of research is shown in Figure 1-1. This research 
demonstrates the application of Immobilized-Cell Hollow Fiber Membrane 
Bioreactor to alleviate most of the critical problems encountered in 
lignocellulosic bioethanol production. The membranes provided a barrier for 
cells to alleviate inhibitory effects from toxic compounds in the hydrolysate, 
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ethanol inhibitory on the cells, glucose depression in co-culture fermentation, 
resulting in high ethanol yield. Through reusability studies, the IHFMB 












Figure 1-1 Schematic layout of research program. 
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1.3. Thesis Organization 
This thesis comprises of eight chapters. The first chapter provides the 
background of processes in lignocellulosic bioethanol production, current 
problems and motivation for this research. An in-depth literature review is 
presented in Chapter two. The third chapter covers all materials and methods 
used in the research. Chapter four presents the results on development of 
Immobilized-Cell Hollow Fiber Membrane Bioreactor (IHFMB) to alleviate 
inhibitors in lignocellulosic bioethanol production. Chapter five demonstrates 
effectiveness of IHFMB in mitigating substrate inhibition. Co-culture with 
Zymomonas mobilis and Pichia stipitis in Immobilized-Cell Hollow Fiber 
Membrane to simultaneously convert glucose and xylose to ethanol is 
described extensively in Chapter six. Chapter seven focuses on application of 
Immobilized-Cell Hollow Fiber Membrane for simultaneous saccharification 
and fermentation of high-solid loading. Finally, the main findings are 









CHAPTER 2. LITERATURE REVIEW 
This chapter provides in-depth literature review of current 
lignocellulosic bioethanol processes, current challenges including inhibitors in 
hydrolysate after pretreatment, co-conversion of glucose and xylose and 
fermentation at high-solid loading.  
2.1. Lignocellulosic Bioethanol Production 
Bioethanol production from lignocellulosic biomass involves four main 
unit operations: (1) pretreatment, (2) enzymatic saccharification, (3) 
fermentation, and (4) product separation/purification (Antoni, Zverlov et al. 
2007; Abril and Abril 2009).  
Pretreatment changes the macro- and microscopic size and structure, as 
well as its submicroscopic chemical composition and structure, and enhances 
the hydrolysis of polymeric carbohydrates to monomeric sugars in the second 
unit operation (Alvira, 2009; Hendriks, 2009). Pretreatment is also required 
for the delignification of the lignocellulosic biomass to liberate cellulose and 
hemicelluloses from their complex with lignin (Galbe and Zacchi 2007).  
Hydrolysis involves the depolymerization of the carbohydrate polymers 
(cellulose and hemicelluloses) to produce free sugars. Two main hydrolysis 
processes include acid hydrolysis and enzymatic hydrolysis. The later is 
preferred due to better selectivity, lower temperature requirement and lower 
production of inhibitory products (Gray, Zhao et al. 2006). 
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Fermentation involves the conversion of mixed hexose and pentose 
sugars to ethanol. This is mainly carried out by fermentative microorganisms 
(Antoni, Zverlov et al. 2007; Buruiana, Garrote et al. 2013). There are several 
process configurations between hydrolysis and fermentation. For separate 
hydrolysis and fermentation (SHF), enzymatic hydrolysis is performed 
separately from the fermentation step. For simultaneous saccharification and 
fermentation (SSF), cellulose hydrolysis is carried out in the presence of the 
fermentative microorganism. For simultaneous saccharification and co-
fermentation (SSCF), the simultaneous saccharification of both cellulose (to 
glucose) and hemicelluloses (to xylose) and co-fermentation of both glucose 
and xylose to ethanol would be carried out by genetically engineered microbes 
that ferment glucose and xylose in the same broth as the enzymatic hydrolysis 
of cellulose and hemicellulose (Abril and Abril 2009). Both SSF and SSCF are 
preferred as both the unit operations occur within the same vessel, resulting in 
lower cost (Buruiana, Garrote et al. 2013). However, this would be harder to 
optimize since multiple processes would be occurring simultaneously (Gray, 
Zhao et al. 2006; Antoni, Zverlov et al. 2007; Gray 2007; Buruiana, Garrote et 
al. 2013; El-Naggar, Deraz et al. 2014). Lastly, ethanol of the desired purity 
can be achieved through processes such as ordinary distillation and azeotropic 
separation. Waste materials that end up at the bottom of the distillation column 
such as residual lignin, unreacted cellulose and hemicellulose may then be 
concentrated and burned as fuel to power the processes, or be converted to co-
products (Zaldivar, Nielsen et al. 2001; Sánchez and Cardona 2008). 
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Figure 2-1 shows the distinct steps involved for cellulase production, 
cellulose hydrolysis, and glucose fermentation for the separate hydrolysis and 
fermentation (SHF) process. The hydrolysis and fermentation steps are 
combined for the simultaneous saccharification and fermentation (SSF) 
process, while the direct microbial conversion (DMC) approach consolidates 
enzyme production with the hydrolysis and fermentation steps (Wyman 1999). 
 
Figure 2-1 Schematic flow diagram for lignocellulosic biomass-to-ethanol 
conversion. 
2.2. Pretreatment of Lignocellulose Material and Inhibitors 
Pretreatment is necessary for the effective utilization of lignocellulosic 
biomass feedstock. It is used to alter the structure of cellulosic biomass to 
make cellulose more accessible to the enzymes that convert the carbohydrate 
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polymers into fermentable sugars. The aim is to break the lignin seal and 
disrupt the crystalline structure of cellulose. Pretreatment has been viewed as 
one of the most expensive step in the lignocellulosic biomass-to-fermentable 
sugars conversion (Galbe and Zacchi 2007; Hendriks and Zeeman 2009) 
Pretreatment consists of a selection of physical, physico-chemical, 
chemical and/or biological treatments. Examples of physical treatment include 
mechanical comminution and pyrolysis (high temperature treatment) (Baek 
S.C 2007; Alvira, TomÃ¡s-PejÃ³ et al. 2009; Hendriks and Zeeman 2009). For 
thermo-chemical treatments, these include steam explosion (autohydrolysis), 
ammonia fiber explosion (AFEX) (Alizadeh, Teymouri et al. 2005; Balan, 
Bals et al. 2009), acid pretreatment (Saha, Iten et al. 2005; Franco, Mendonça 
et al. 2011; Rajan and Carrier 2014). For chemical treatments, these include 
acid hydrolysis and alkaline hydrolysis (Li, Fan et al. 2010; Yamashita, Shono 
et al. 2010; Sambusiti, Ficara et al. 2013). For biochemical treatments, these 
include the use of brown-, white- and soft-rot fungi (Ishola, Isroi et al. ; Wan 
and Li 2010; Salvachúa, Prieto et al. 2011; Yuan, Wen et al. 2014) 
Lignocellulosic biomass typically consists of 35~50% (w/w) cellulose, 
(20~30% (w/w) hemicellulose and 15~25% (w/w) lignin (Anderson and Akin 
2008; Kumar, Singh et al. 2008; Abril and Abril 2009). Composition may vary 
considerably, depending on the type of feedstock. The biomass is an insoluble 
substrate with a complex structure: cellulose fibres encased in lignin with 
intertwining hemicellulose, held together by hydrogen and van der Waals 
bonds (Hatzis 1996). Figure 2-2 shows an illustration (model) of the structure 
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Figure 2-2. Illustration of lignocellulosic biomass structure (Mosier et 
al., 2004).  
Cellulose is a high molecular weight linear polymer of β-1, 4-linked D-
glucose units with a highly crystalline structure. Hemicelluloses are branched 
polysaccharides consisting of the pentoses D-xylose and L-arabinose, and the 
hexoses D-mannose, D-glucose, D-galactose and uronic acids (Palmqvist 
2000). Lignin is an aromatic polymer synthesized from phenylpropanoid 
precursors (Balan, Bals et al. 2009).  
Cellulose can be hydrolyzed or broken down to glucose molecules via 
the enzymes, cellulase and β-glucosidase. Although cellulose is mainly 
crystalline and difficult to break down, once they are reduced to glucose (six-
carbon sugar, hexose), they can be readily fermented into ethanol. 
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Hemicellulose is also a polymer consisting of a distribution of sugars, mainly 
of xylose (five-carbon sugar, pentose). Although it can be broken down more 
readily, most of the five-carbon sugars cannot be converted into ethanol by 
conventional fermentative microbes. Lignin, however, is a phenyl-propene 
polymer of complex composition that is unable to be fermented into ethanol 
(Hayes 2013; de Jong and Gosselink 2014). 
Although sugar release is desirable, free sugars can degrade easily under 
high temperature and acidic conditions of pretreatment generating a variety of 
inhibitory compounds as by-products during the hydrolysis of lignocellulose 
biomass (Palmqvist 2000; Klinke, Thomsen et al. 2004; Kont, Kurašin et al. 
2013). These inhibitors can be classified under the three broad categories of 
phenolic compounds, weak acids and furans derivatives as shown in Figure 
2-3. The types and concentrations of these inhibitors in the hydrolysate depend 
on the raw material used as well as the method and severity of the hydrolysis 
process (Table 2-1).  
Furan derivatives including furfurals generated during xylose 
degradation at high temperatures and pressures, and 5-HMF generated during 
hexose degradation. Furfurals have been found to be toxic to the growth of 
microbes including Pichia stipitis, Saccharomyces cerevisae (Delgenes, 
Moletta et al. 1996; Taherzadeh and Karimi 2011). Whereas furfural was 
detrimental to anaerobic growth of S. cerevisae, furfural was converted to 
furoic acid during respiratory growth in chemostats and the concentration of 
furfural was nearly zero at the onset of steady state growth (Taherzadeh 1999). 
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5-HMF is toxic to fermenting microorganisms, causing lower membrane 
permeability. S. cerevisae has been found to metabolize HMF into 5-








Figure 2-3 Inhibitors formed as degradation products from hydrolysis of 
lignocellulose 
Delgenes et al. (1996) found that furfural concentrations at 2.0 g/L 
inhibited S. stipitis growth by 99%. Nigram (2001) also observed at the 
concentration of 1.5 g/L, furfurals severely diminished ethanol yield and 
productivity by 90 and 85%, respectively. Furans (furfurals and 5-HMF) in 
conjunction with acetic acid have been reported strongly affect the growth of 
S. tipitis, Pachysolen tannophilus, and Escherichia coli (Martinez 2000).  
Lignin-derived inhibitors include polyaromatics, phenolics, and 


















toxic to microorganisms than the higher molecular weight compounds 
(Palmqvist 2000; Duarte, Carvalheiro et al. 2006; Barakat, Monlau et al. 
2012). These inhibitors disturb the cell membranes, damaging their ability to 
serve as selective barriers and enzyme matrices affecting cell-growth and 
sugar assimilation (Palmqvist 2000). The inhibitory effect of lignin-derived 
compounds on sugar utilization efficiency was examined on different 
organism such as Candida shehatae, S. stipitis, S. cerevisae (Delgenes, 
Moletta et al. 1996). Vanillin was found to be the strongest inhibitor (1 g/L) of 
growth and ethanol production in xylose and hexose-fermenting yeasts.  
Besides furans and phenolics, other toxic compounds are hemicellulose-
derived inhibitors present in hydrolysates such as acetic acids and other 
organic acids. However, they are less severe compared to the furans and 
phenolics (Mussatto et al., 2004). In general, acetic acid at low pH is 
liposoluble and diffuses across the membrane, and dissociates at neutral pH 
inside the cell membrane and accumulates in the cytoplasm, causing inhibition 
of cell activity and cell death (Palmqvist, 2000; Mills, 2009). Individual 
inhibitors may not have strong effect on fermenting microorganisms, but 
combinations of them can significantly hamper fermentation process 
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Currently, several methods are being explored to remove the inhibitory 
compounds from lignocellulosic hydrolysate. These can be classified into 
categories of biological, physical and chemical methods, some of which will 
be highlighted in this section. 
Table 2-2 Techniques for detoxification of lignocellulose hydrolysates and 
slurries 
Technique Procedure References 
Heating and 
evaporation 





Sodium borohydrit (Cavka and Jönsson 
2013) 
Reducing agents  (Alriksson, Cavka et al. 




Alkane and alcohol (Zautsen, Maugeri-Filho 
et al. 2009) 
Liquid:solid 
extraction 





(Liu, Fatehi et al. 2012); 
Saeed, 2012 #909)  
(Sainio, Turku et al. 2011) 
Microbial 
treatment 
Clostridium berijinski (Cho, Lee et al. 2009) 
Coniochaeta ligniaria (Nichols, Sharma et al. 
2008) 
Amorphotheca resinae (Zhang, Zhu et al. 2010) 
Enzymatic 
treatment 






(Ask, Mapelli et al. 2013) 
(Park, Koo et al. 2011) 
 28 
 
As can be seen from Table 2-2, physical methods include vacuum 
evaporation, (Chen, Zhang et al. 2013) whereby the volatile fraction is 
separated from the rest of the hydrolysate to remove volatile inhibitors such as 
acetic acid, furfural and vanillin. However, this method might also end up 
increasing the concentration of non-volatile inhibitors in the remaining 
hydrolysate, and may overall end up being counterproductive. Chemical 
methods also provide some interesting possibilities, one of which employs the 
use of ion exchange resins (Liu, Fatehi et al. 2012); Saeed, 2012 #880). 
Phenols, acids and furans inhibitors can all be reduced significantly by ion 
exchange resins. However, this method also leads to a considerable loss of 
fermentable sugars, and is very expensive, thus limiting its economic 
feasibility. Another chemical method uses polyelectrolyte adsorption (Sainio, 
Turku et al. 2011) to absorb inhibitory compounds from the hydrolysate, 
which can prove to be cost efficient. However, process variables such as 
temperature, contact time and the ratio of polyelctrolyte to liquid hydrolysate 
have to be monitored and controlled in order to make it effective. 
Biological methods include enzyme treatment, where specific enzymes 
are used to treat the toxic compounds to change their composition. Laccase 
(Moreno, Ibarra et al. 2013) is the enzyme which have been able to remove 
phenolics and acids from hydrolysate. Another method uses microorganisms, 
such as Clostridium berijinski (Cho, Lee et al. 2009), Coniochaeta ligniaria 
(Nichols, Sharma et al. 2008), Amorphotheca resinae (Zhang, Zhu et al. 2010) 
to selectively remove inhibitors from hydrolysate. Biological methods show 
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the greatest potential as they are feasible, environmentally friendly and have 
less energy requirements. However, the time taken for reaction is generally 
slow, and another drawback is the loss of fermentable sugars through the use 
of these methods. 
These detoxification methods can also be combined together for a 
greater effect, but their effectiveness greatly depends on the type of 
lignocellulosic hydrolysate and the microorganism employed for fermentation. 
This is due to the different toxicities of hydrolysates and different tolerances 
of microorganisms towards the inhibitors. Such factors not only have to be 
taken into consideration, but would also limit the flexibility of the entire 
bioethanol production process to handle different kinds of hydrolysate. 
Additionally, the detoxification step could make bioethanol production not 
economical due to the high costs incurred in the materials used as well as the 
energy involved. One study on economic cost analysis has shown that the 
detoxification step could contribute to 22% of the entire ethanol production 
cost. It would definitely be desirable if this cost incurring step of 
detoxification could be bypassed to simplify and speed up the ethanol 
production process. 
2.3. Conversion of Glucose and Xylose to Bioethanol 
Efficient conversion of lignocellulosic biomass into bioethanol has 
become a priority for producing renewable energy. One of the critical 
technical barriers and fundamental limitations in the processes is transforming 
the mixed sugars to ethanol. Plant biomass hydrolysates obtained after 
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pretreatment and hydrolysis contains various hexoses and pentoses. Although 
there are variations in the sugar composition of hydrolysates from various 
feedstocks, glucose and xylose are the major sugars present in most 
hydrolysates.  
To metabolize glucose and xylose to ethanol, E. coli, Zymomonas 
mobilis, Saccharomyces cerevisae, and Pichia stipitis are the most common 
microorganisms. These microorganisms have different characteristics as 
shown in Table 2-3 (Gírio, Fonseca et al. 2010). 
Table 2-3 Characteristics of ethanologenic microorganisms  
Characteristics Microorganisms 
E. coli Z. mobilis S. cerevisae P. stipitis 
Glucose fermentation + + + + 
Pentose fermentation +   + 
Anaerobic fermentation + + + - 
Mix-product formation + + + - 
High ethanol productivity 
(from glucose) 
- + + w 




w w + w 
+, positive; -, negative; w, weak  
E. coli presents several advantages as an ethanologenic microorganism 
such as the ability to convert a wide range of sugars including xylose, 
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arabinose. However, it has low tolerance to ethanol, and lignocellulosic-
derived inhibitors, and mix-product formation (ethanol, acetic acid, lactic 
acid), reducing ethanol yield (Dien, Cotta et al. 2003). Z. mobilis, on the other 
hand is a microorganism which produces ethanol with high yield and high 
specific productivity. This superior characteristic is as a consequence of 
anaerobic glucose utilization using Entner-Doudoroff (ED) pathway. The ED 
pathway generates only 1 ATP per molecule of glucose in contrast to 2 ATP 
per molecule via Embden-Meyerhoff-Parnas (EMP), the common glycolytic 
pathway of S. cerevisae and P. stipitis (Rogers, Jeon et al. 2007). As a result, 
Z. mobilis produces less cell mass, and has higher ethanol specific 
productivity. However, Z. mobilis also has low tolerance to lignocellulose 
derived inhibitors and unable to use other sugar except glucose. The yeast S. 
cerevisae is the most commonly used microorganism in industrial 
fermentation. It effectively converts sugar to ethanol. It has relatively good 
tolerance to ethanol and inhibitors. However, S. cerevisae is also unable to 
ferment pentose to ethanol (Casey 1986). Contrary to S. cerevisae, P. stipitis is 
able to metabolize xylose to ethanol. This yeast is less tolerance to ethanol and 
lignocellulose derived inhibitors (Ligthelm 1988).  
The disadvantages of using native microorganism are that it can only use 
simple hexose or xylose to convert to ethanol. As a result, many studies 
focused on genetic manipulation to extend substrate range for ethanol 
production. Several genetically modified strains of Zymomonas mobilis 
(Zhang, Eddy et al. 1995; Zaldivar, Nielsen et al. 2001; Yanase, Nozaki et al. 
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2005), and Saccharomyces cerevisae (Ha, Kim et al. 2013; Ge, Zhang et al. 
2014; Zha, Shen et al. 2014) have been prepared which have demonstrated 
concomitant metabolism of the two sugars. Despite showing potential in the 
metabolism of xylose, these recombinant cells still face a lot of problems, 
mainly low xylose conversion, low ethanol tolerance and susceptibility to 
inhibitors present in hydrolysate. Consequently, use of genetically modified 
microorganisms at present is not an ideal option for cellulosic bioethanol 
fermentation.  
Another approach is to utilize two microorganisms at the same time, 
which is called co-culture (Dhabhai, Chaurasia et al. 2012; De Bari, De Canio 
et al. 2013; Hickert, Da Cunha-Pereira et al. 2013; Singh, Bajar et al. 2014). 
Utilization of co-cultures for ethanol production appears to have advantages 
over single culture. Research has been conducted to study utilization of co-
culture for ethanol production by co-fermentation of glucose and xylose.  
To have a stable co-culture, certain requirements must exist. One is that 
the two strains must be compatible and able to grow together. Another 
requirement is that fermentation conditions such as pH, temperature, and 
oxygen supply for the two strains should be compatible. Compared with pure 
culture, interactions between the different microorganisms play critical role in 
co-culture systems. The interactions could be direct cell-to-cell 





Table 2-4 presents co-culture systems for the ethanol production. When 
selecting a combined microbial species for a co-culture system, the first step is 
to choose a glucose-fermenting microorganism and a xylose-fermenting 
microorganism, then test their compatibility and study the co-fermentation 
performance. 
Table 2-4 Strains used in co-culture system 
Co-culture system References 
E. coli KO11- S. cerevisae TJ1 (Okuda, Ninomiya et al. 2008) 
P. stipitis CCUG18492-K marxianus (Rouhollah, Iraj et al. 2007) 
S. cerevisae-recombinant E.coli (De Bari, Cuna et al. 2004) 
Z. mobilis- P. stipitis (Fu, 2009) 
Scheffersomyces stipitis- S. cerevisae (De Bari, De Canio et al. 2013) 
E.coli- S. cerevisae (Okuda et al. 2008) 
 
However, challenge in co-culture is the xylose repression due to glucose 
during the fermentation process. This is especially at the initial stage because 
xylose conversion is totally inhibited at glucose concentration of 2.3 g/L and 
higher (Grootjen 1991; Chandra, 1988). Therefore, during fermentation, 
glucose always undergoes fermentation first before any significant xylose 
utilization can be observed. Another problem that arises is the product 
inhibition. Product inhibition occurs when the microorganism used to ferment 
xylose. Pichia stipitis has a low level of ethanol tolerance. It is reported by 
Delgenes (1998) that an ethanol concentration of 30 g/L results in the 
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inhibition of P. stipitis. Another problem is the substrate inhibition growth 
(Schvester 1983). When initial xylose concentration increased, cell growth as 
well as ethanol production decreased (Woods 1985). Initial total sugar 
concentration and the glucose and xylose compositions play essential roles in 
affecting the fermentation performance. Laplace (1993) did a research on the 
sugar concentration effects but little is known on how different sugar 
proportions affect the co-culture system (Chen 2011). Moreover, it is a major 
challenge to find the optimal operating ranges for the process parameters (pH, 
temperature, and oxygen-demand) and the acceptable ranges of substrate 
concentrations that will allow for optimal activity of each strain in co-culture 
(Nan 2009). This is because co-culture organisms can vary with respect to the 
abovementioned process parameters. Thus, compromises may be necessary.  
Saccharomyces cerevisae is a well-established ethanol producer for 
sugar and starch-based fermentation. It is a robust microorganism in terms of 
tolerance to inhibitors, salts and low pH conditions. Over the past decades, 
Zymomonas mobilis has attracted considerable interest as a result of its unique 
metabolism and ability to rapidly and efficiently produce ethanol from simple 
sugars. Compared with S. cerevisae, Z. mobilis has some superior 
characteristics (Rogers 2007): 
1. Considerably faster specific rates of sugar uptake and ethanol production 
(specific rates 2-3 times faster than yeasts) 
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2. Higher ethanol and lower biomass yields compared to yeasts due to 
different carbohydrate metabolism (Entner-Doudorof vs. glycolytic 
pathway). 
3. Higher reported productivities (120-200 g/L.h) in contiuous processes 
with cell recycle (maximum reported values for yeasts are 30-40 g/L.h). 
4. Simpler growth conditions. Z. mobilis grows anaerobically (not strict 
anaerobe) and does not require the controlled addition of oxygen to 
maintain high cell viability at high ethanol concentrations. 
5. Ethanol tolerance comparable to yeasts. Ethanol concentrations of 85 g/L 
(11% v/v) reported for continuous culture and up to 127 g/L (16% v/v) in 
batch culture. 
In the case of xylose fermenting yeasts (Pachysolen tannophilus, 
Candida shehatae, and Pichia stipitis), large scale utilization is hampered by 
their sensitivity to high concentrations of ethanol (>40 g/L), the requirement 
for carefully monitored microaerophilic conditions, high sensitivity to 
inhibitors, and the inability to ferment xylose at low pH. 
 Critical requirements for the strains used for efficient fermentation of 
lignocelluloses are presented in Table 2-5 (Zaldivar, Nielsen et al. 2001). 
Broad substrate utilization could be achieved by co-culture of glucose and 




Table 2-5 Useful biocatalyst traits for efficient fermentation of ethanol 
Essential traits Desirable traits 
Broad substrate utilization range Simultaneous sugar utilization 
High ethanol yields and productivity Hemicellulose and cellulose 
hydrolytic 
Minimal byproduct formation GRAS status 
High ethanol tolerance Recyclable 
Increased tolerance to inhibitors Minimal nutrient supplementation 
Tolerance to process hardiness Tolerance to low pH and high 
temperature 
2.4. Lignocellulosic Ethanol Production at High-Solid Loading 
Current trend is to run the processes at high substrate concentrations. 
Processing at high substrate concentration has the advantages of increasing 
final concentration of ethanol (Koppram and Olsson 2014), thus resulting in 
lower distillation costs. However, running at high solid-loading also 
introduces different challenges that may counteract some of other cost savings.  
The first challenge in high-solid loading processing is generation of high 
dry matter during pretreatment (Galbe and Zacchi 2007; Alvira, TomÃ¡s-
PejÃ³ et al. 2009). Pretreatment represents a significant proportion of the total 
cost of the bioethanol production process. Pretreatment at high solid loading 
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faces many challenges such as mass transfer limitations, increased medium 
viscosity, and generation of high concentrations of inhibitors affecting the 
subsequent hydrolysis and fermentation (Modenbach AA. 2012). 
To achieve an ethanol concentration of >4% (w/w), which is considered 
to be the benchmark for an efficient distillation, sugar levels of >8% (w/w) are 
needed (Larsen 2008). To achieve 4% ethanol, an initial solids content of 
>20% (w/w) is required for lignocellulosic biomass. However, cellulosic 
substrates are highly hygroscopic, therefore there is a high moisture in the 
material. Thus cellulosic slurries become gradually viscous, and difficult to 
handle at concentrations of solid >15% (w/w). High viscosities in enzymatic 
hydrolysis and fermentation steps faced challenging in stirring and mixing, 
which are reflected in higher energy demand (Llamas 2007; Viamajala 2009). 
To reduce the viscosity of the slurry can be performed by pretreatment step. 
The second problem in high-solid loading processing is the high 
concentration of high inhibitors released during pretreatment (Jorgensen, 
Vibe-Pedersen et al. 2007). To overcome the challenge of the presence of high 
concentrations of inhibitory compounds in fermentation broth, some 
approaches have been applied including pretreatment-related strategies, 
microorganism strategies, media and fermentation-related strategies.  
In pretreatment of high-solid loading, certain pretreatment methods 
generate higher amount of degradation compounds (acetic acid, formic acid, 
furfural, 5-hydroxymethyl furfural, and phenolic compounds). Different 
methods have been studied to produce lower concentrations in pretreatment 
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such as avoiding the use of chemicals (Alvira, Tom et al. 2009), optimizing 
temperature and retention time (Saha, Iten et al. 2005; Rosgaard, Pedersen et 
al. 2007; Shi, Sharma-Shivappa et al. 2009), optimizing biomass size 
(Monavari 2009). Apart from the pretreatment itself, the types and 
concentrations of degradation compounds also depend on the lignocellulosic 
feedstock. Therefore, each feedstock requires specific pretreatment methods 
and conditions (Galbe and Zacchi 2007; Hendriks and Zeeman 2009).  
In microorganism-related strategies, it is crucial to use tolerant 
microorganisms that are able to tolerate to high concentration of inhibitors in 
the fermentation step (Pereira 2010). High-solid fermentation process requires 
microorganisms which are industrial robust to a specific environment over a 
long time. Strategies such as directed evolution, adaptation, and metabolic 
engineering have been used to develop robust microorganisms. For example, 
the adaptation of yeast to inhibitors at high-loading solid processing has been 
described by Hawkins (Hawkins 2011). In this study, S. cerevisae was adapted 
in 7% (w/v) pretreated pine solids prior to inoculation in a fed-batch 
simultaneous saccharification and fermentation process at 17.5% (w/v) 
substrate loading. The adapted strain showed significant improvement in 
fermentative performance. In another attempt, the genome shuffling technique 
has been used to improve the acid tolerance of S. cerevisae (Lu 2012). The 
overexpression of genes (TAL1, TKS1, ERG2, PRS3 and RAV1) that confer 
resistance to inhibitors has also gained interest (Pereira 2010, Endo, 2009). 
Although the utilization of tolerant strains is important, the need for more 
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robust strains and bioreactor design to protect the cells from stresses from 
medium is even more evident at high-solid loading processing. 
In media and fermentation-related strategies, removal of inhibitors from 
the broth can be performed by detoxification such as solvent extraction, anion 
exchange, overliming, using zeolites or laccase as presented in the earlier 
Chapter 2.2. However, the use of these methods is controversial because they 
involve an additional cost in the process, and each method could remove 
specifically one group of inhibitors but not all. 
Another problem in high-solid loading is the high concentration of sugar 
in solution resulting in increased osmolarity of the fermentation medium. Cell 
could be inhibited by this high osmolarity. Escherichia coli was used to 
ferment wheat straw hydrolysate under high-loading processing. The results 
showed that this recombinant E. coli was able to ferment glucose and xylose 
but with very low volumetric productivity due to the low tolerance of E. coli 
to ethanol (Saha 2011). Ethanol, similar to other inhibitors, affects the 
composition, structure, and function of cell membranes, and also the 
morphology and cell viability. Thus, synergy between ethanol and degradation 
products could be expected, especially in high-loading processing, where the 
concentrations of these compounds are elevated. 
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2.5. Immobilized-Cell Reactor in fermentation of lignocellulosic 
bioethanol 
Immobilization techniques have attracted considerable interests for 
waste water treatment and in industrial production of chemicals, drugs, food 
and other products (Karel, Libicki et al. 1985; Kourkoutas, Bekatorou et al. 
2004; Najafpour, Younesi et al. 2004). Immobilized systems are special use in 
continuous systems, where their application results in better process control, 
reduced operation cost, minimum downtime, reduced lag periods, and better 
product conformity. Main methods that have been used for cell immobilization 
are entrapment, adsorption, aggregation/flocculation, covalent coupling, and 
microencapsulation (Najafpour, Younesi et al. 2004; Verbelen, De Schutter et 
al. 2006; Rattanapan, Limtong et al. 2011).  
In comparison with conventional fermentation processes, immobilized 
cells are concentrated to higher densities within the immobilization support 
than is possible in normal suspension cultures, resulting in potentially higher 
volumetric reactor productivity (Karel, Libicki et al. 1985; Inui, Vertès et al. 
2010; Escobar, Álvarez et al. 2012) 
In lignocellulosic bioethanol production, immobilized cells have been 
used to co-culture on glucose/xylose. In a research carried out De Bari and co-
workers (2013) the ability of Scheffersomyces stipitis to ferment mixed syrups 
with a total sugar concentration in the range 40-80 g/L was investigated by 
using co-cultures with immobilized  Saccharomyces cerevisiae in silica-
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hydrogel films. The experimental design for the fermentations with 
immobilized cells included the process analysis in function of two parameters: 
the fraction of the gel in the broth and the concentration of the cells loaded in 
the gel. The results indicated that the use of S. stipitis and S. cerevisiae in free 
co-cultures ensured faster processes than single cultures of S. stipitis either 
free or immobilized. However, the rapid production of ethanol by S. cerevisiae 
inhibited S. stipitis and caused a stuck of the process. Immobilization of S. 
stipitis in silica-hydrogel increased the relative consumption rate of xylose-to-
glucose by 2-6 times depending on the composition of the fermentation 
medium. However, on the whole, the final process yields obtained with the 
immobilized cells were not meaningfully different from that of the free cells. 
(De Bari, De Canio et al. 2013). In another experiment, the yeast 
immobilization in calcium alginate capsules has been reported to enhance the 
yeast protection and increase the efficiency in the fermentation process. In this 
work, it was investigated the use Saccharomyces cerevisiae immobilized in 
calcium alginate and its performance in simultaneous saccharification and 
fermentation (SSF) of diluted-acid-pretreated Pinus radiata. Results showed 
that when immobilized yeast was used, the bioethanol yield from pretreated 
wood was higher than with free yeast cells during a SSF process. The sum of 
ethanol produced from dilute acid pretreated P. radiata for both solid and 
liquid fractions was 171 L ethanol/ton wood from a maximum theoretical of 
236 L/ton pretretated wood (or 72% of conversion) (Franco, Mendonça et al. 
2011). Zymomonas mobilis cells immobilized in calcium alginate and 
polyvinyl alcohol (PVA) were also used to produce ethanol from cellulosic 
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feedstock using simultaneous saccharification and fermentation and separate 
hydrolysis and fermentation processes (Wirawan, Cheng et al. 2012). The 
results show that PVA immobilized cells with the SHF process gave the 
highest ethanol concentration of 6.24 g/L, with an ethanol yield of 79.09% and 
a maximum ethanol productivity of 3.04 g/L.h. In contrast, the performance of 
CA-immobilized cells with SHF was poorer, with the highest ethanol 
concentration, ethanol yield, and maximum ethanol productivity of 5.52 g/L, 
69.96% and 2.37 g/L.h, respectively. 
Entrapment appears to be the most widely used method for 
immobilization in lignocellulosic bioethanol. In general, the use of an 
entrapping matrix might change the physiological status of the cells and 
consequently affect the microorganism metabolism. Calcium alginate beads 
are one of the most used hydrogels for the immobilization of microorganism. 
However, this carrier has shown poor resistance thus limiting its use in 
industrial application (Behera, Mohanty et al. ; De Bari 2004). 
One attractive immobilization geometry is the cylindrical configuration 
of asymmetric hollow-fiber membranes (Inloes, Smith et al. 1983; Li and Loh 
2005; Li and Loh 2006; Li, Chung et al. 2008). A hollow fiber is a cylindrical 
membrane structure with a hollow tubular centre, termed as the lumen. The 
hollow fiber membrane can be either symmetric or asymmetric. The structure 
of a symmetric hollow fiber membrane is uniform whereas an asymmetric 
membrane typically has a thin microporous skin and a matrix of macroporous 
materials containing numerous large voids.  
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In biotechnology, the hollow fiber membrane has been widely used a 
tool for immobilization of microorganism to carry biotransformation 
processes. Inloes and coworkers (1990) had used hollow-fiber membrane 
bioreactor to immobilize recombinant Escherichia coli for the production of 
-lactamase enzyme. More recently, Loh and coworkers utilised hollow fiber 
membrane immobilized Pseudomonas putida (1998, 1999) to successfully 
degrade phenol at high concentration that would otherwise be inhibitory to the 
growth of the bacteria. 
Chung and co-workers (1998) developed asymmetric PSF hollow fiber 
membranes of 0.2-0.7 μm pore size for immobilizing P. putida in 
biodegradation of phenol. SEM analysis showed that the bacteria diffused into 
the porous spongy area of the membranes. These immobilized cells could 
biodegrade inhibitory phenol concentrations in a relatively shorter time. The 
immobilized microorganisms could biodegrade phenol concentrations as high 
as 3500 mg/L (Loh 2000; Li and Loh 2005; Li and Loh 2006).  
Hollow fiber membrane bioreactor was successfully used to in 
alleviating substrate inhibition. It was achieved by cell immobilization in 
membrane pores or biofilm formation on the membrane walls. The membrane 
wall in anisotropic hollow fiber membranes has porous spongy structure which 
can be engineered to obtain desired pore sizes and membrane thickness. If the 
pores are larger than the bacteria, the bacteria can diffuse into the membrane 
walls and hide into the membrane pore to survive the substrate toxicity (Vick 
Roy, Blanch et al. 1983). Depending on the cell surface properties, the bacteria 
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readily attaches to membranes to form biofilms. Usually hydrophobic isotropic 
membranes are used in biofilm formation, wherein the presence of the 
microorganisms is limited to the membrane surface, and not in the porous 
wall. The extra polymeric substance-bacteria complex in the biofilms has 
enhanced tolerance to substrate toxicity and can be used to mitigate substrate 
inhibition (Singh 2006). 
There are several attractive properties of hollow fiber membrane for the 
purpose of microbial immobilization. Hollow-fiber membrane bioreactor using 
asymmetric membrane is known to support high cell density. This is due to 
presence of numerous macrovoids in the matrix wherein the microorganism 
could be immobilized and are protected from adverse conditions of the 
external fluid environment, hence facilitating cell growth and multiplication. 
Extremely high density had been recorded in the case of E. coli C600, where 
the number was known to reach more than 1012 cells/ml of accessible volume 
(Inloes, Smith et al. 1983). In addition, containment of cells via 
immobilization also facilitates separation of products and cells, leading to 
simplification of downstream processing. In most cases, immobilization also 
enhances catalyst stability. In specific cases, hollow fiber membrane provides 
a good low shear environment for cultivation of cells with fragile plasma 
membranes (Kourkoutas, Bekatorou et al. 2004; Najafpour, Younesi et al. 
2004; Inui, Vertès et al. 2010). On the other hand, compared to immobilization 
techniques such as covalent cross-linking and ionic adsorption, hollow fiber 
membrane presents a mild immobilization condition whereby cells are 
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passively attached to the wall of the membrane voids. Hence, immobilization 
step is simplified and cell activity is not significantly lowered as there is no 
covalent or ionic bonding that could negatively impact the cellular membrane 
and associated physiology. Lastly, as pointed out by Loh and coworkers 
(1998, 1999), the mass transfer limitation of the hollow fiber membrane can be 
exploited to mitigate substrate inhibition on immobilized cells. Hence, there is 
the potential of hollow fiber immobilized cells to maintain high productivity 
even when there is high concentration of inhibitory compounds in the medium. 
2.6. Conclusion 
The improvement of fermentation of lignocellulosic bioethanol is a 
challenge which requires a need for reactor development in a systematic and 
constructed way. The enzymatic hydrolysis efficiency is reduced with 
increased solids content, due to the inhibitory effects of sugars, which affects 
the overall ethanol yield and titer. The generation of inhibitory compounds 
during pretreatment step is another constrains that become more severe under 
high-loading fermentation. Co-fermentation of glucose and xylose in the broth 
is also a challenge which should be improved. Immobilized-Cell Hollow Fiber 
Membrane Bioreactor could be a potential reactor design which can mitigate 
all the challenges in processing of lignocellulosic bioethanol in order to 




CHAPTER 3. MATERIALS AND METHODS 
3.1. Bacterial Cultures 
Zymomonas mobilis ATCC 31821 and Pichia stipitis ATCC 58376 were 
obtained from American Type Culture Collection (Rockville, MD, US). Z. 
mobilis was grown in Rich Medium (20 g/L glucose; 10 g/L yeast extract; 2 
g/L KH2PO4). P. stipitis was grown in synthetic medium (10 g/L yeast extract; 
20 g/L peptone; 2 g/L NH4Cl, 1 g/L KH2PO4; 0.3 g/L MgSO4) supplemented 
with 20 g/L xylose. For solid medium, additional 15 g of agar (Oxoid, 
Hampshire, UK) was added. 
For the co-culture fermentation, a stock of 2X of synthetic medium (SM) 
was prepared (20 g/L yeast extract, 4 g/L NH4Cl; 4 g/L KH2PO4; 0.6 g/L 
MgSO4). Glucose and xylose stocks were prepared separately at 300 g/L, 
autoclaved at 121oC, 20 min. Medium for co-culture was prepared by mixing 
proportional synthetic medium with stock of 300 g/L glucose/xylose 
accordingly. 
All chemicals used in this study were analytical grade purchased from 
Sigma- Aldrich (St Louis, USA) or Merck (Darmstadt, Germany) unless 
otherwise stated. All media, pipette tips, and Erlenmeyer flasks fitted with 
cotton plugs were autoclaved at 121°C for 20 min before use. 
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The microorganisms were grown in 150 mL of medium in a 250 mL 
Erlenmeyer flask on a shaking water bath (GFL 1092, Burgwedel, Germany) 
at 30°C and 150 rpm. Prior to inoculation, cells were induced by transferring 
stock culture from the agar slant to the liquid medium containing glucose/ 
xylose. Activated cells in the late exponential growth phase were used as 
inoculum for all the experiments. 
3.2. Analysis methods 
3.2.1. Cell Concentration 
Cell concentration was determined by measuring the optical density at 
wavelength 600 nm (OD600) using a UV-Visible Spectrophotometer 
(Shimadzu  UV-1800, USA) using 1-cm path length cuvettes. A correlation 
was obtained between the optical density and the dry cell weight (DCW) 
(g/L)= 0.307*OD600. 
3.2.2. Ethanol 
Ethanol concentration was measured by headspace analysis sampler 
coupled with a gas chromatograph Clarus 600 Gas Chromatography system 
(Perkin Elmer, USA) equipped with a flame ionization detector (Christofides 
and Daoutidis). Before analysis, cells were removed from the sample by 
filtering through 0.45 μm PVDF syringe filter (Millipore Corporation, USA) 
to the headspace vial. The headspace vials were incubated in Turbomatrix 
HS40 (Perkin Elmer, USA) at 70oC for 15 min and pressurized with the carrier 
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gas for 1 min followed by syringe injection at 110oC into the vial. The gaseous 
phase was withdrawn for 0.2 min and redirected into the GC injector through a 
transfer line at 120oC. Analysis was performed on a 30 m capillary column 
(Elite-5 column; Perkin Elmer, USA). The GC oven was maintained at 100oC 
for 1 min and ramped to 150oC at 10oC/min with helium as a carrier gas at 2 
mL/min. The hydrogen flame was maintained in the FID with purified air and 
hydrogen at 450 mL/min and 45 mL/min respectively. The GC injector and 
detector were maintained at 200oC and 250oC. The retention time for ethanol 
was 3.0 min. 
3.2.3. Sugar Analysis 
Total sugar was carried out using the 3,5-dinitrosalicylic acid (DNS) 
colorimetric method as described by Miller (Miller 1959). Briefly, 1 mL of 
DNS reagent was added to 1 mL of aqueous sample in a test tube and the 
mixture was heated in a boiling water bath for 5 minutes. The measurement of 
the absorbance was carried out using UV-Visible Spectrophotometer 
(Shimadzu UV-1800, USA) using 1-cm path length cuvettes at wavelength 
540 nm. The Beer-Lambert law is obeyed at low glucose concentration of 0 to 
2.5g/L as demonstrated by the linear calibration curve of the absorbances of 
the standard solutions. Glucose was analyzed using YSI 2700 SELECT. 
In the experiment with mix glucose and xylose, these sugars were 
determined by HPLC with Agilent Zorbax Carbohydrate Column, 4.6mm ID x 
150mm, with eluant of Acetonitrile/water (75:25), flow rate 1.4 mL/min; 
detector HP 1047A RID, temperature 30oC. 
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3.2.4. Inhibitors Analysis 
Vanillin, furaldehyde, 5-hydroxymethylfuraldehyde, syrinaldehyde were 
analyzed using HPLC with Agilent Hybersil BDS-C18 column and eluant of 
water/methanol (70/30) at wavelength 280nm (Water 2487 Dual λ Absorbance 
Detector) and a flow rate of 1 mL/min at 30oC. 
HPLC also was used to measure acetic acid and formic acid (Waters 600 
Controller, 717 Plus Autosampler, Water 2487 Dual λ Absorbance Detector, 
Agilent Zorbax RX-C8 column) and eluant of 6.10-3 M H3PO4 (pH 2.1) 
3.2.5. Activity of Cellulase Activity 
This procedure was based on "Measurement of Cellulase Activities" by 
NREL (Jan 2008). Filter paper assay was used for saccharifying cellulase. A 
series of cellulase concentrations, glucose standards, blanks and controls were 
prepared. They were incubated at 50oC for 1 h, followed by the determination 
of sugar concentration by DNS test. From the semi-log plot of relative glucose 
concentration against glucose concentration, the activity of cellulase can then 
be calculated as the equation below.  
 
3.2.6. Activity of β-glucosidase 
β-glucosidase activity was measured as the procedure of Toshiyuki et.al 
(1998). The reaction mixture was composed of 0.25 ml of 1.7 mM p-
nitrophenyl-b-D-glucoside (Sigma) in 0.5 ml of 0.1 M sodium acetate buffer, 
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pH 4.8, and 0.25 ml of enzyme solution. After incubation at 37°C for 15 min, 
sodium carbonate was used to stop the reaction, and p-nitrophenol released 
was measured spectrophotometrically as an increase in the absorbance at 400 
nm. One unit of the enzyme activity was defined as the amount of enzyme that 
released 1 mmol of p-nitrophenol from the substrate per min. 
3.2.7. Scanning Electron Microscope 
Membrane samples were observed under the Scanning Electron 
Microscope (JEOL JSM-5600LV). The membranes were soaked first in 
glutaraldehyde for 6 hours, then dehydrated using a graded series of ethanol 
(25%, 50%, 75%, 95% and 100%) for 10 minutes each and finally left to air 
dry for 2 hours. Samples were then coated with platinum for 40 seconds using 
a JEOL-1300 Auto Fine Coater before observation. 
3.3. Processing Lignocellulosic Material 
3.3.1. Biomass preparation 
Jatropha curcas fruits were produced in Singapore from a Chinese 
germplasm collection. Air-dried fruit hulls were particulated using coffee 
blender followed by mechanical ground using the Ultra Centrifugal Mill 
ZM200 (Retsch, Germany). Particles passed through a 50-mesh sieve were 
collected and dried overnight at 105oC in an oven.  
 51 
 
3.3.2. Cellulose and hemicellulose determination 
Holocellulose was determined as the net residue after sodium chlorite-
delignification of the biomass (Hames B 2008; Sluiter A 2012). Briefly, 750 
mg of the oven-dried biomass sample was suspended in 24 ml water. After 
mixing with two drops of acetic acid and 0.25 g sodium chlorite, the mixture 
was incubated at 90oC for 1 h. The addition of acetic acid and sodium chlorite 
and incubation were repeated three times. The reaction mixture was filtered 
through Whatman No. 4 filter paper and the white holocellulose residue was 
collected and dried at 105oC after washing with water and acetone. α-
Cellulose content was determined as the residue insoluble in the 17.5% NaOH 
aqueous solution. To do this, 200 mg holocellulose was mixed with 5 ml 
17.5% NaOH and mixed by stirring at room temperature overnight. 5 ml water 
was added into the reaction mixture and mixed by stirring for 30 min. The 
mixture was filtered through glass fiber filter and the α-cellulose residue on 
the filter paper was washed sequentially with 8 ml 10% acetic acid and 200 ml 
boiling water. The weight of the residue was determined after drying overnight 
at 105oC. Hemicellulose content was calculated by deduction of α-cellulose 
from holocellulose content. 
3.3.3. Acid Hydrolysis and Sugar Composition Analysis 
Carbohydrate and lignin contents were determined following the 
Standard Biomass Analytical Procedure (Sluiter A, 2012 #1033; Sluiter JB, 
2010). Briefly, 3 ml of 72% sulfuric acid was thoroughly mixed with 300 mg 
oven-dried biomass sample by vortexing. The mixture was incubated at room 
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temperature for 1 h. After mixing with 18 ml water, it was incubated in a 
boiling water bath for an additional 3 h. During the incubation, the mixture 
was vortexed intermittently. After cooling to room temperature, the mixture 
was filtered and the residue was washed with water until neutral. Both the 
residue and the filtrate were collected. Klason lignin content is the residue 
weight after drying overnight at 105C. In this study, the  amount of acid 
soluble lignin (ASL) in the filtrate was estimated based on the absorptivity 
constant ε = 15 l /g.cm at 240 nm as recommended for bagasse. The filtrate 
was neutralized to pH 7.0 using calcium carbonate. The supernatant was 
collected after centrifugation at 4,500g for 20 min and further filtered through 
a 0.20 µm filter unit. The liquid sample was stored at -20oC if sugars contents 
were not analyzed by HPLC immediately. 
3.3.4. Pretreatment 
Pretreatment of Jatropha curcas fruit hulls was carried out in 250 mL 
culture bottle. Solid/liquid fraction of 1:10 was added to the bottle and 
autoclaved at 121oC for 60 min. Liquid includes water, dilute 1.5% 
hydrochloric acid and 1.5% sodium hydroxide. After the pretreatment, liquid 
and solid was separated by centrifugation and vacuum filtration. The liquid 
fraction (washing liquid) was analyzed for sugars. The solid fraction was dried 
at 50oC and analyzed for sugar and lignin content. This pretreated solid was 
used as substrate in SHF, SSF. 
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3.3.5. Enzymatic Hydrolysis 
The enzymatic hydrolysis was conducted in 250 mL culture bottle. 
Enzyme loading was 10 FPU/g substrate. Enzymatic hydrolysis of pretreated 
biomass was conducted at 10% dry matter in the presence of 0.05 M citrate 
buffer (pH 4.8). The flasks were incubated at 50oC in orbital shaker (GFL 
1092, Burgwedel, Germany) at 150 rpm for 72 h. Two milliliters of samples 
were withdrawed at 3-6 h interval for glucose/xylose measurements. All 
experiments were conducted at least duplicate, average results were shown, 
standard deviations were lower than 7%. Additionally, blanks of the enzymes 
mixtures for each substrate loading were prepared and analyzed by HPLC in 
order to subtract the sugar content since the commercial enzymes may contain 
sugar. 
3.3.6. Separate Hydrolysis and Fermentation 
The slurries obtained after enzymatic hydrolysis were centrifuged 
(10,000 x g, 10 min) and the supernatant (glucose and xylose solution) 
subjected to fermentation for 36 h in an orbital shaker at 30oC and 150 rpm 
after adjusting to pH 5 with 10M NaOH. Fermentation was performed in 250 
mL flasks with fermentation volume of 100 mL containing stock of 
fermentation medium with the nutrients described for inoculums cultivation 
except glucose/xylose which was replaced with sugar obtained after enzymatic 
hydrolysis. For all experiments, the fermentation was started by inoculation of 
a cells centrifuged from late exponential phase at cell mass concentration of 
0.12 g/L. All experiments were carried out in duplicate and average results are 
 54 
 
given. Ethanol and sugar concentrations were measured at the end of 
fermentation process (36 h).  
3.3.7. Simultaneous Saccharification and Fermentation 
The simultaneous saccharification (SSF) experiments were performed in 
500 mL culture bottle with the total volume of 250 mL in citrate buffer (50 
mL, pH 5.0). Solid substrate after pretreatment was autoclaved at 121oC, 20 
min prepared for fermentation.  
To perform SSF, liquid containing the medium described was mixed 
with the solid to the desired loading. The fed-batch loading were at 10% at the 
beginning, 10% at 12 h and 8% (w/v) at 36 h. SSF was started by adding 
simultaneously enzymes and immobilized-cell hollow fiber membrane. All 
SSF experiments were conducted in duplicate. Sampling was taken at interval 
of 6 h, centrifuged at 10,000xg for 10 min for analysis of ethanol and 
consumed sugars. 
SSF results are reported as percentage of theoretical yield considering 
that all the potential glucose in the pretreated solid is available for 




3.4. Membrane Bioreactor  
3.4.1. Membrane Fabrication 
The membranes were fabricated using the wet spinning technique as 
described by Chung and co-workers, under process and spinning conditions 
shown in Table 3-1 (Chung, Loh et al. 1998). Polysulfone was purchased from 
Amoco and 1-methyl-2-pyrolidone (NMP) from Merck. The dope solution 
was then prepared by dissolving PS in NMP to give a concentration of 20 wt% 
PS, and spun into a coagulation bath. Solvent exchange occurs between the 
nascent fiber and the coagulants, and the hollow fiber membrane is 
precipitated out. 
Table 3-1 Process and spinning conditions for fabricating PS membrane 
Process and Spinning 
Conditions 
Value 
Spinning solution PS/NMP 
Polymer concentration (wt%) 20 
Dope solution flow rate 
(ml/min) 
0.7 
Bore fluid flow rate (ml/min) 0.45 
Length of air gap (cm) 0 
External coagulant Water 
Internal coagulant NMP 





All media, pipette tips and erlenmayer flasks fitted with cotton plugs 
were autoclaved at 121oC for 20 min before use. Prior to the start of each 
experiment, the hollow fiber membrane bioreactor was sterilized by 
circulating 1 M sodium hydroxide, washed to completely remove residual 
sodium hydroxide followed by 70% ethanol through lumen and shell side for 
wetting the membrane. 
3.4.3. Bioreactor Setup 
3.4.4.1. Immobilized-Cell Hollow Fiber Membrane Bioreactor (IHFMB) 
The design of Immobilized-cell hollow fiber membrane bioreactor 
(IHFMB) was similar to the ones used by Loh and coworkers (Chung, Loh et 
al. 1998) and resembled a shell and tube heat exchanger. The schematic 
diagram of the IHFMB is illustrated in Figure 3-1. The IHFMB consisted of a 
hollow glass tube module with four outlets and was threaded with hollow fiber 
membranes. The hollow fiber were secured at both ends of the IHFMB using 
quick drying Araldite epoxy adhesive resin and the excess fiber protruding 
from the ends of the IHFMB were snipped so that the lumens of the fibers 
were analogous to the tubes of a shell and tube heat exchangers. There were 
also two ports on the sides of the bioreactor for access of fluid to the shell 
compartment of the IHMBR. Two IHMBRs were constructed using the 
aforementioned techniques i.e. IHMBR-8 with 8 hollow fibers and IHMBR-16 
with 16 hollow fibers. The specifications of membrane and module are 
presented in Table 3-2. A peristaltic pump (L/S modular pump with PTFE-
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tubing pump head, Masterflex, USA) was used to pump the solution from the 
Erlenmeyer flask through the tube side of the hollow fiber membrane 
bioreactor to the shell side and finally back to the flask. The flow rate of the 
pump was maintained 10 mL/min during cell immobilization. The working 
volume for immobilization and all runs was 250 mL.  
Prior to immobilization of the cells in the hollow fiber membranes, 
Millipore ultra-pure water that had been autoclaved at 121oC for 20 min was 
used to rinse the bioreactor for 2 h to remove the remaining traces of 70% 
ethanol that was used for sterilization. A hundred and fifty milliliters of 
culture at late-exponential phase cells was centrifuged (8,000 rpm, 10 min, 
4oC; Eppendorf 5810R) to collect the cells. Collected cells were suspended 
into 150 mL of autoclaved Milli Q. The suspended cells were immobilized by 
circulating them at flow rates of 10 mL/min through both lumen and shell side 
of the hollow fiber membrane bioreactor. After 6 hours of immobilization, the 






















Internal diameter (µm)  450 
External diameter (µm) 900 
Module  
Material Glass 
Effective module length (cm) 30 
Internal diameter (cm) 0.7 
External diameter (cm) 1.0 
Number of fiber  8/16 





3.4.3.2. Submerged Immobilized-Cell Hollow Fiber Membrane Bioreactor 
(SHFMB) 
Schematic of submerged immobilized-cell hollow fiber membrane 
bioreactor (SHFMB) is shown in Figure 3-2. Hollow fiber membranes were 
cut into pieces of 6 cm in length. A bundle of sixty fibers was sealed together 
in a cluster with epoxy. These membrane clusters were given similar pre-
treatment as the membranes in the IHFMB by washing with 1M NaOH, 70% 
ethanol and then rinsed with sterilized water.  
Similarly as the immobilization process in IHFMB bioreactor, a hundred 
and fifty milliliters of culture at late-exponential phase cells was centrifuged 
(8,000 rpm, 10 min, 4oC; Eppendorf 5810R) to collect the cells. Collected 
cells were suspended into 150 mL of autoclaved Milli Q. Sterilized fibers were 
shaked in the flask with suspended cells for immobilization. Flask was shaking 
at 150 rpm, 30oC. After 6 hours of immobilization, the cell suspension 
solution was drained out and the fibers were rinsed with sterilized Milli Q. Z. 
mobilis and P. stipitis were immobilized separately in the shake flasks before 





















ID/OD (mm) of fiber 0.45/0.90 
Module  
Number of fiber  60 
Fiber length (cm) 6 







CHAPTER 4. IMMOBILIZED-CELL HOLLOW FIBER 
MEMBRANE BIOREACTOR TO ALLEVIATE 
INHIBITORS FOR BIOETHANOL PRODUCTION  
4.1. Introduction 
In this section, feasibility of fermentation of hydrolysate with high 
concentration of inhibitors in Immobilized-Cell Hollow Fiber Membrane 
Bioreactor was evaluated. The specific objectives were: 
1. Elucidate inhibitory effects of representative inhibitors on 
suspended cells of Zymomonas mobilis ATCC 31821 during 
fermentation of glucose. 
2. Develop Immobilized-Cell Hollow Fiber Membrane Bioreactor 
which can alleviate inhibitors in fermentation broth. 
3. Investigate effects of operating parameters: packing density, flow 
rate, concentration of inhibitors. 
4. Examine long-term stability of bioreactor 
Baseline studies were conducted in suspension to characterize cell 
growth, ethanol fermentation in suspension with toxic inhibitors. Four model 
inhibitors were selected for evaluation as shown in Table 4-1. Furfuran (1- 2 
g/L), 5-hydroxymethyl furfural (5-HMF) (2- 4 g/L), vanillin (1- 2 g/L) and 
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syringaldehyde (0.5- 1 g/L) were added into the culture medium individually 
(S-A1 to S-D2) and in mixture of low concentration (SE1) and high 
concentration of inhibitors (S-E2). Glucose consumption, ethanol production 
and inhibitors concentrations were observed. Results from these fermentation 
experiments were used as baseline to demonstrate the effectiveness of the 
IHFMB in fermentation of hydrolysate with high concentration of the 
inhibitors. 
Abiotic test (Table 4-2) was conducted to investigate the sorption 
characteristics of inhibitors at low concentration (R-A1) and high 
concentration (R-A2) by the hollow fiber membranes. Rich medium with 
respective inhibitors were pumped through the experimental setup for 
adsorption study, while desorption experiments were conducted by pumping 
Rich medium without inhibitors. 
In experiment R-B, substrates were transformed by immobilized cells 
under the high concentration of inhibitors to facilitate a comparison of 
transformation between suspended cells and immobilized cells.  
The purpose of experiment R-C was to investigate the consumption of 
glucose at high packing fiber density. Experiment R-D aimed to evaluate the 
effect of varying concentration of inhibitors. In experiment R-E, effect of flow 
rates on glucose consumption and ethanol production in IHFMB was 
evaluated. Finally, experiment R-F was conducted to evaluate the long-term 
stability of the system.  
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All experiments were conducted on the same IHFMB. After each run, 
the bioreactor was completely drained, washed with 1 M sodium hydroxide for 
2 h, rinsed with sterilized water and 70% ethanol as the procedure presented in 
earlier section 3.4.2. 
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Inhibitor Concentration (g/L) 
Furfural Hydroxymethylfurfural Vanillin Syrinaldehyde 
S-Control - - - - 
Individual inhibitor in suspension 
S-A1 1 - - - 
S-A2 2 - - - 
S-B1 - 2 - - 
S-B2 - 4 - - 
S-C1 - - 1 - 
S-C2 - - 2 - 
S-D1 - - - 0.5 
S-D2 - - - 1 








2 4 2 1 
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4.2. Results & Discussion 
4.2.1. Effect of Inhibitors on Suspended Cells 
Z. mobilis ZM4 was grown in media containing 20 g/L glucose 
supplemented with varying initial concentrations of furfural (1- 2 g/L), 5-HMF 
(2- 4 g/L), vanillin (1- 2 g/L), and syrinaldehyde (0.5- 1 g/L). A control 
medium without adding inhibitors was conducted for reference purpose. 
Effect of individual inhibitors on glucose consumption and ethanol 
production had similar profiles for low and high concentration of inhibitors. 
The representative profiles for effects at high concentration of inhibitors are 
presented in Figure 4-1. Summaries of the kinetic parameters are tabulated in 
Table 4-3. Furfural at 2 g/L, 5-HMF at 4 g/L, vanillin at 2 g/L and 
syrinaldehyde at 1 g/L had negative effects on cell growth and ethanol 
production. Inhibitory effects were observed during fermentation runs as cell 
growth rate decreased by 20- 50%, cell concentration declined by 10-70% and 
ethanol concentration lowered by 10-60%. 
Vanillin had a strongest inhibitory effect on glucose fermentation of Z. 
mobilis. Even 1.0 g/L of vanillin caused a significant reduction in the 
production of growth rate (42%) and ethanol (55%). Increasing to 1 g/L 
vanillin caused severe drops in growth rate (70%) and ethanol production 
(85%). Insignificant amount of vanillin was assimilated by Z. mobilis (<7%).  
Furfural had the least inhibitory effect on cell growth as at the 
concentration of 2 g/L, the cell still maintained growth rate by 95% but 
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reduced the ethanol production by 65% compared to the control experiment.  
Furfural was mostly assimilated by the cells (>90%). This trend was also 
reported for P. stipitis and S. cereviasae  (Delgenes, Moletta et al. 1996). 5-
HMF and syrinaldehyde had moderate effects on cell growth and ethanol 
production. These two inhibitors decreased cell growth by 15- 40%, and 
ethanol production by 15- 55%. Small amount of syrinaldehyde (10- 15%) 
while a significant amount of 5-HMF (15- 40%) was assimilated by Z. mobilis. 
The mechanism of inhibition by these compounds are known to be 
diverse, some of which have also not yet been studied well (Heer and Sauer 
2008). However, it is believed that these compounds cause inhibition by 
disturbing the membrane potential of cells and acidifying the cytoplasm 
(Russell and Diez-Gonzalez 1998). Vanillin and syrinaldehyde are aldehydes, 
and they can react with many structures and elements within the cell such as 
nucleic acids and proteins, which would disrupt metabolism and reduce cell 
viability (Taylor, Mulako et al. 2012).  Furan derivatives such as 5-HMF 
inhibits enzymes that are essential in the central carbon metabolism (Modig, 
Liden et al. 2002). These compounds can also cause RNA, DNA, protein and 
membrane damage even at low concentrations. Many phenolic and 
hydrophobic compounds dissolve readily into the cell membrane, causing an 
increase in the fluidity and permeability of the membrane (Klinke, Olsson et 
al. 2003). This results in the loss of cell integrity, increased cell leakage and 
hinders ion and sugar transport.  
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The presence of individual inhibitors resulted in an increased lag phase 
for the cells and a decrease in cell growth and metabolism. All these 
undesirable effects have been observed with the four inhibitors. However, the 
cells were still able to survive and completely metabolize glucose within 24 h. 
However, in the presence of all the four inhibitors even at a low concentration 
(furfural at 1 g/L, 5-HMF at 2 g/L, vanillin at 1 g/L and syrinaldehyde at 0.5 
g/L), Z. mobilis ZM4 cells were unable to survive. In this scenario, there was 
no ethanol production or glucose consumption even after 24 h of fermentation. 
Combined inhibitor effects are known to be either additive or 
synergistic. Additive inhibition occurs when experimental data can be 
estimated by adding up the effects of the individual inhibitors, whereas 
synergistic inhibition would occur when experimental inhibitory effects 
exceed the combined total of the individual inhibitory effects (Hu, Zhao et al. 
2009). Synergistic inhibition has been observed in other instances as well. The 
toxicity in hydrolysates is a result of the aggregation of several toxic 
compounds including alcohols, aldehydes, and acids, and not just from the 
individual compounds. As such, combinations of these inhibitory compounds 
would actually pose the greatest challenge to the fermenting microorganisms 
(van Maris, Abbott et al. 2006). 
The data obtained from these experiments suggests that the inhibitory 
effects of the four selected inhibitors were synergistic. The cells were unable 
to survive at all, even though they were able to tolerate and grow in each 
inhibitor separately. It can be concluded that addition of all inhibitors to the 
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medium was detrimental for the cells and the fermentation process. These 
toxic concentrations at which Z. mobilis ZM4 was unable to survive in 
suspension can now be used as benchmark to demonstrate the effectiveness of 























(% of control) 
Ethanol 
concentration 





1 96.1 92.1 71.3 3.6 
2 95.2 87.3 65.3 17 
5-
hydromethylfurfural 
2 75.2 52.3 56.3 62.1 
4 67.1 62.1 39.5 83.1 
Vanillin 
1 58.2 45.6 64.2 92.1 
2 32.1 15.7 15.2 93.2 
Syrinaldehyde 
0.5 84.2 92.1 92.1 89.5 




1g/L Furfural  
2 g/L 5-HMF 
1 g/L Vanillin 
0.5 g/L 
Syrinaldehyde 





4.2.2. Abiotic Absorption and Desorption of Inhibitors 
Abiotic tests (R-A1, R-A2) were performed to examine the sorption and 
desorption of inhibitors by the hollow fiber membrane. The sorption and 
desorption profiles for both experiments were similar. Figure 4-2 shows the 
profile for high concentrations of mix inhibitors. The sorption curves 
demonstrated that inhibitors could be removed partially in the absence of 
immobilized cells. For high concentration of inhibitors  (furfural at 2 g/L, 5-
HMF at 4 g/L, vanillin at 2 g/L and syrinaldehyde at 1 g/L), absorption for 
furfural, 5-HMF, vanillin and syrinaldehyde were 23, 17, 29, 10% respectively 
during the first 5 hours. From the curve of desorption, it was found that more 
than 70% of furfural, 5-HMF and vanillin were desorbed from the membrane 
in 6 h, whereas the desorption of syrinaldehyde was only 10%. 
The high surface to volume ratio of the hollow fibers and hydrophobic 
interactions between the organic compounds and the membranes resulted in 
quick sorption of the inhibitors (Siegrist and Joss 2012). The desorption 










Figure 4-2 Abiotic test with IHFMB. (a) Adsorption of inhibitors in fiber; (b) 





4.2.3. Immobilized Cell and Morphological Characteristics 
Fibers sections were taken from reactor after 24 hours operating in the 
medium with inhibitors (2 g/L furfural, 4 g/L 5-HMF, 2 g/L vanillin, and 1 g/L 
syrinaldehyde) The fibers were examined by electron microscopy as shown in 
Figure 4-3. The cells were observed to be nonuniformly attached among 
different fibers in the bundle. Most of the cells were found distributed in the 
macrovoid to high density. In the study carried out by Inloes and coworker 
(1983) with Escherichia coli to produce β-lactamase, the cells were found 
distributed not only in the macrovoid but also on the fiber lumen. In that study, 
E. coli did not tolerate any inhibitory effects, therefore the cells attached to the 
wall of the lumen generating biofilm. However, in this study due to the high 
inhibitory effects from the toxic compounds, cells mostly retained in the 
macrovoids. Consequently, membrane could act as a barrier between the toxic 
compounds and microorganism, thus preventing the cells from inhibitory 
stress in the medium (Li and Loh 2005). 





















Figure 4-3 Cross section of hollow fiber membrane. (a) Hollow fiber 
membrane; (b) Macrovoid; (c) & (d) Cells immobilized in macrovoids.  
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4.2.4. Fermentation of Glucose with Inhibitors by Immobilized Cells 
In the next set of experiments (R-B to R-F), the effects of operating 
parameters on glucose consumption and ethanol production in medium with 
inhibitors were evaluated. Figure 4-4 shows the profile of glucose and ethanol 
for experiment R-B and R-C. At the packing density 0.13, in the experiment 
R-B operating with high mix inhibitors, there was a lag phase of 6 h. 
However, 20 g/L of glucose was completely consumed in 15 h with high yield 
of ethanol (95% theoretical yield). Doubling the packing density (R-C) 
shortened the lag phase to 3 h and the duration of fermentation to 9 h (Table 
4-4). It can thus be inferred that more surface area supporting higher 
immobilized – cell density provided higher rate of glucose consumption (2.7 
g/L.h). Low suspended cell concentration in medium were observed even at 
the end of the experiment (0.46 g/L cell dry weight) compared to that in 
suspension without inhibitors (1.2 g/L cell dry weight), which could 
demonstrate that fermentation was performed mostly by immobilized cells. It 
can also be concluded that the immobilized cell system was that superior to 
suspended cells in the presence of toxic inhibitors as the IHFMB could 
completely consume glucose and produce ethanol with high yield of 0.45 g/g 





Figure 4-4 Effect of packing density on cell growth and ethanol concentration 
in IHFMB. (Loh) glucose- PDa 0.13 ; (♦) glucose- PD 0.13; () ethanol- PD 
0.13; () glucose-PD 0.26; () ethanol- PD 0.26 
a PD- packing density 
Even though increasing the packing density improves the IHFMB 
performance, the packing density should not be exceedingly high. Over-
packing the reactor would result in less available space for medium flow in the 
shell side of the bioreactor, and channelling may occur with membranes being 
too close in proximity with each other, thus preventing full utilization of the 
reactor. Metabolic wastes and dying cells also need to be removed, which 
might tend to build up if the flow of the medium is blocked off from certain 
sections of the reactor. Furthermore, a high biomass build up within the 
reactor would eventually tend to cause the bioreactor to clog up. Thus, further 
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increasing the packing density may still result in improved performance, but it 
would become increasingly marginal. 
 
Table 4-4 Effect of packing density 
Parameter R-B  R-C  
Packing density 0.13 0.26 





consumption rate (g/L.h) 
1.8 2.7 
 
Figure 4-5 shows the results of fermentation while varying concentration 
of the inhibitors (R-B and R-D). At low concentration of the inhibitors, 
fermentation was completed in 9 h, while at the high concentration of 
inhibitors, fermentation completed after 15 hours. Lag phase was longer (9 h) 
at high concentration of the inhibitors, however, in the late exponential phase, 
the rate of glucose consumption were nearly similar in both experiments. This 
could be due to that immobilized cells may adapt and assimilate some of the 
inhibitors. Effects on the ethanol yield, however, were negligible. The results 
could be attributed to the synergistic inhibition of the 4 inhibitors present in 
the medium, and the increase in the inhibitor concentration resulted in an 
effect that is beyond additive. The inhibitors were able to interfere with cell 
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functions and metabolism synergistically, thus resulting in the slow rate of 
fermentation, as fewer cells were in an able state to convert the glucose into 
ethanol. This tells us that the IHFMB appears to be a robust system and is able 
to adapt to handle a more difficult feed, and still see the fermentation to 
completion.  
 
Figure 4-5 Effect of concentration of inhibitors on cell growth and ethanol 
concentration in IHFMB. (♦) glucose- High concentration of inhibitors; () 
ethanol- High concentration of inhibitors; () glucose- Low concentration of 
inhibitors; () ethanol- Low concentration of inhibitors 
Figure 4-6 shows the effect of the flow rates of liquid medium on 
glucose consumption and ethanol production. As the membrane a barrier, the 
substrate moving from the medium to the cells usually encounters mass 
transfer resistance at the boundary layers. At high flow rate, the thickness of 
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boundary layer could be reduced, which may result in lower mass transfer 
resistance. Consequently, a higher flux of substrate across the membrane can 
be obtained. To investigate the effects of flow rates, experiment R-B (10 
mL/min) and R-E (20 mL/min) were conducted. As can be seen from Table 
4-5, higher flow rate increased glucose consumption rate significantly.   
 
Figure 4-6 Effect of flow rates. (♦) glucose- 10 mL/min; () ethanol- 10 
mL/min; () glucose- 20 mL/min; () ethanol- 20 mL/min. 
The flow rate was doubled from 10 mL/min to 20 mL/min, which 
resulted in a better performance of the IHFMB. There was a decrease of 3 
hours in the fermentation time from 15 h to 12 h and ethanol productivity 




Table 4-5 Effect of flow rates 
 R-B  R-E  
Flow rates (mL/min) 10 20 





consumption rate (g/L.h) 
1.8 4.63 
Having demonstration the suitability of the IHFMB in the mitigation of 
the inhibition, repeated batch runs were conducted to study the long-term 
performance of the IHFMB in medium containing 20 g/L glucose and high 
concentration of the inhibitors. Figure 4-7 shows the profiles of glucose and 
ethanol during the repeated batch runs. 
In the test for repeatability, the IHFMB was operated 20 runs. In all 
these runs, glucose was completely consumed within 12 hours. No significant 
changes in the performance for the sequential runs were observed. As 
expected, all the runs followed identical trends as experiment R-E. In fact, the 
performance of bioreactor improved slightly over time. For example, for the 
first two batches, glucose was consumed in 12 h, however in the next two 
batches, glucose was depleted in 9 h. At day 8, the time for glucose 
consumption was only 6 h. By day 8, the exponential rates of glucose 
consumption and ethanol production had increased by 61.8% and 78.3% 
respectively. These results suggest the presence of higher amount of 
immobilized cell in the IHFMB with each run. It also suggests that the 
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immobilized cells could have adapted to the presence of inhibitors during the 
runs. 
 
Figure 4-7 Long-term operation of IHFMB. . (♦) glucose; () ethanol  
4.3. Conclusion 
A major challenge in commercial production of lignocellulosic 
bioethanol is the presence of inhibitors formed during thermo-chemical 
pretreatment of the biomass. These inhibitors are toxic to microorganisms 
during fermentation and their presence results in reduced ethanol yield and 
productivity. Vacuum evaporation, ion exchange resins, overliming, enzyme 
detoxification and activated charcoal are currently used to remove the 
inhibitors from hydrolysate prior to fermentation. These methods are energy 
intensive, complicated, produce by-products and fail to remove the inhibitors 
completely. The Immobilized-Cell Hollow Fiber Membrane Bioreactor 
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(IHFMB) developed in this study can alleviate the adverse effects of the 
inhibitory compounds in the fermentation hydrolysate. Baseline study carried 
out with free suspension showed that cells were unable to produce bioethanol 
in the presence of mixed common inhibitors of vanillin, syringaldehyde, 
furfural and 5-hydroxymethylfurfural. The same microorganism when 
immobilized in the IHMBR showed success in fermenting 20g/L of glucose 
into bioethanol in the presence of high concentration of mixed inhibitors. 
Glucose was completely consumed in 12 h with 95% of theoretical ethanol 
yield. Sustainability experiment showed that IHMBR remained stable for 20 
batches over 240 hours. These results show that the IHFMB offers a promising 
set-up for production of lignocellulosic bioethanol by removing the pre-




CHAPTER 5. IMMOBILIZED-CELL HOLLOW FIBER 
MEMBRANE FOR FERMENTATION OF HIGH SUGAR 
CONCENTRATION 
5.1. Introduction 
In ethanol-based biofuel industry, fermentation at high concentration of 
sugar produces 10-15% (v/v) ethanol, resulting in improved overall 
productivity, reduced capital cost, and energy input compared to processing at 
low concentration of sugar. However, the challenge is inhibitory effects of 
high substrate concentration on the microorganisms. In this section we aim to 
investigate the immobilized-cell hollow fiber membrane for fermentation of 
high concentration of sugar. 
Specifically: 
1. Elucidate the inhibitory of high concentration of glucose on the 
suspended cell during fermentation. 
2. Investigate the performance of IHFMB for fermentation of substrate 
at substrate inhibitory concentration. 
3. Evaluate operating condition. 
4. Examine long-term operation. 
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To evaluate the substrate inhibitory effects on Z. mobilis, experiment in 
suspension was carried out at different glucose concentration ranges from 20 
g/L to 200 g/L. Profiles of glucose consumption, ethanol production were 
observed to identify the inhibitory substrate concentration. The information 
from these experiments was used to design the experiment using IHFMB, in 
order to prove the effectiveness of IHFMB under inhibitory concentration of 
glucose. 
The IHFMB was operated at inhibitory glucose concentration using the 
bioreactor setup presented in Figure 3-1. During the several experiment runs in 
the IHFMB, the effects of increasing substrate concentration on fermentation 
rate were investigated. Further experiments were carried out to evaluate the 
IHFMB performance at higher interfacial area. In addition, the effect of flow 
rates was also investigated. Finally, long-term reusability of the IHFMB was 
evaluated. Table 5-1 shows the summary of experimental runs. 
 88 
 
Table 5-1 Summary of experiment runs  







A2 50  
A3 100  
A4 140  
A5 180  
A6 200  
IHFMB    
B1 140 Packing density: 
0.13 
Flow rate: 10 
mL/min 





C1 200 Packing density: 
0.26 
Flow rate: 10 
mL/min 
Effect of packing 
density 
C2 200 Packing density: 
0.26 
Flow rate: 20 
mL/min 
Effect of flow rate 
D1 200 Packing density: 
0.26 
Flow rate: 20 
mL/min 






5.2. Results and Discussion 
5.2.1. Fermentation in Suspension 
To investigate the effect of substrate inhibition, batch experiments by 
suspended cells were performed at glucose concentrations varying from 20 g/L 
to 200 g/L (A1-A6). Figure 5-1 shows the effects of increasing sugar 
concentration on cell growth. The results indicates that cell growth increased as 
glucose increased from 20 to 100 g/L but decreased at higher glucose 
concentrations. The specific growth rate which was observed to be 0.29 h-1 at 20 
g/L glucose increased monototically to 0.37 h-1 at 100 g/L glucose, but decreased 
to 0.16 h-1 at 140 g/L. The same trend was observed for the cell yield, which 
significantly lowered from 0.07 at 20 g/L and 50 g/L glucose to 0.016 at 180 g/L. 
For glucose below 100 g/L, Z. mobilis did not experience lag phase, but at higher 
concentration of 140 g/L, a lag phase of 6 h was observed. No cell growth was 
observed at glucose concentration higher than 140 g/L.  
As shown in Table 5-2, the ethanol yield was observed to be constant at 
0.48 g/g (94% theoretical yield) when glucose increased from 20 g/L to 100 g/L, 
but at higher glucose concentration of 140 g/L, the yield dropped significantly to 
0.32 g/g (62.7% theoretical yield). Ethanol productivity and average glucose 
consumption followed the same trend. Ethanol productivity increased 2.5 times 
from 0.80 g/L.h to 2.10 g/L.h when glucose increased from 20 g/L to 100 g/L 
glucose, but decreased to 1.25 g/L.h when glucose increased further to 140 g/L. 
Similarly, average glucose consumption increased from 1.67 g/L.h at 20 g/L 
glucose to 4.31 g/L.h at 100 g/L glucose, but dropped to 3.80 g/L.h at 140 g/L 
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glucose. Cell yield, on the other hand, decreased gradually from 0.07 g/g to 0.016 
g/g as glucose concentration increased from 20 to 140 g/L.  
These results are consistent with the findings reported in the literature 
(Huang and Chen 1988) and the variations in the cell growth rates have been 
attributed to an increase in the severity of substrate inhibition at high sugar 
concentration (Swings 1977). When the initial concentration was 80 g/L, neither 
cell growth nor ethanol production occurred to any measurement extent. Glucose 
concentration at 140 g/L was determined to be the inhibitory limit for Z. mobilis.  
Substrate and product inhibition have been investigated in other studies. 
With glucose as substrate, the effect of glucose on growth and metabolism 
appears to be strain dependent. Z. mobilis has been reported to be able to adjust its 
osmotic pressure to a certain degree by establishing a complete osmotic balance 
between external and internal glucose level. Increased glucose concentrations, 
however, also lead to increased product formation (Rogers, Jeon et al. 2007). 
There was an explanation that at high concentration of substrate, the occurrence 
of “oscillation” of substrates at substrate-feed concentrations in excess of 130 g/L 
has been attributed to an inhibitory effect of ethanol on growth during continuous 
cultivation. It has been suggested that the cell growth is inhibited as the ethanol 
concentration in the fermenter increases, resulting in decreasing biomass 
formation and increasing substrate concentrations. As soon as the ethanol 
concentration deceases, cell growth recovers. In this study, ethanol concentration 
reached only 46 g/L at 140 g/L glucose, while Z. mobilis was reported having 












Table 5-2 Kinetic parameters for Z. mobilis in suspension 
Glucose (g/L) YP/S (% theoretical 
yield) 
QP (g/L.h) QS (g/L.h) 
20 0.48 (94) 0.80 1.67 
50 0.48 (94) 1.41 2.38 
100 0.47 (92) 2.10 4.31 
140 0.33 (65) 1.25 3.80 
5.2.2. Effect of glucose concentration on performance of IHFMB 
Based on the results from the previous section, at 140 g/L of glucose, 
cells in suspension experienced a long lag phase, a decline in growth rate and 
low ethanol and cell yield, therefore experiments were conducted with IHFMB 
at higher concentration of 140 g/L to prove the effectiveness of the 
immobilized-cell bioreactor.  
Z. mobilis was immobilized in the hollow fiber membrane as presented 
in earlier section Figure 3-1. IHFMB was operated at initial substrate 
concentrations of 140, 180 and 200 g/L glucose (B1-B3). The profile of 
glucose consumption and ethanol production was shown in Figure 5-2. In all 
three cases, glucose consumption at high initial substrate was demonstrated.  
It was found that at 140 g/L (Figure 5-2a), glucose was consumed at the 
start of experiment and completely degraded within 24 h. With the same initial 
glucose concentration of 140 g/L, the rate of ethanol production was double 
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achieved in IHFMB in comparison with that in suspension. Similarly, the 
glucose consumption rate was 1.5 times faster in IHFMB. These results 
indicated that the IHFMB was more effective in converting glucose at high 
concentration.  
It was observed that there was an absence of biofilm enveloping the 
hollow fiber membrane throughout the fermentation. Additionally, copious 
amount of bubbles were observed during IHFMB fermentation with 140 g/L to 
the extent that there is foaming in the shake flask. On the other hand, minimal 
foaming was observed in the free suspension culture at 140 g/L glucose. 
Ethanol peaked at 61.6 g/L (86% theoretical yield) at 24 h as glucose was 
mostly consumed. The cell concentration in IHFMB’s shake flask was 
comparable to that in free suspension (1.2 g/L). 
At higher initial glucose concentration of 180 g/L, negligible cells 
diffused into medium in the first 6 hours (0.015 g/L). After 48 h, glucose was 
mostly used and ethanol concentration peaked at 70.2 g/L (76% theoretical 
yield). Increasing initial glucose concentration from 140 g/L to 180 g/L, a 
significant drop of 40% in ethanol production and substrate consumption rate 
was observed (Table 5-3). Similarly, increasing the concentration to 200 g/L 
glucose, cell diffusion did not occur until 12 hours. Glucose was fully 
consumed after 60 h. Although the bulk glucose concentration was above 140 
g/L at 12 h, cells diffused from the membranes and were able to survive at that 
concentration. This is consistent with the finding reported by Loh et al. (Loh 
2000)that immobilization of bacteria cells can possibly increase the tolerance 
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of the cells toward inhibitory compound. Hence, it is possible that the cells 
could have adapted to a higher glucose concentration, and were therefore able 










Figure 5-2 Profile of glucose and ethanol in IHFMB at initial (a) 140 g/L 
glucose; (b) 180 g/L glucose; (c) 200 g/L glucose. () ehanol; () glucose 
Table 5-3 Kinetic parameters of Z. mobilis in IHFMB  
Glucose (g/L) YP/S (% theoretical 
yield) 
QP (g/L.h) QS (g/L.h) 
140 0.44 (86) 2.54 5.78 
180 0.39 (76) 1.46 3.71 




5.2.3. Effect of Packing Density  
In immobilized-cell system, the performance of reactor is linked to the 
number of cells immobilized in the fiber, so one approach to increase the cell 
density is to increase the number of fiber with immobilized cells. The effect of 
packing density was investigated by varying the number of immobilized-cells 
fibers. The results are shown in Figure 5-3. It was shown that by doubling the 
number of fibers, the ethanol production rate significantly increased by 35%, 
reaching 1.79 g/L.h. Similarly, the glucose consumption rate was improved by 
22%. Ethanol yield achieved was significant increased from 0.39 g/g to 0.43 
g/g (84% theoretical yield). Ethanol peaks at 48 h, shorten the fermentation by 
12 h. The results indicates that higher packing density provides more 
immobilized cells, thus facilitating higher rate of glucose consumption and 
ethanol production, consequently shorten fermentation time. 
 
Figure 5-3 Effect of packing density. () ethanol at PDa 0.13; () glucose at 
PD 0.13 fibers; () ethanol at PD 0.26; () glucose at PD 0.26 























Table 5-4 Effect of packing density on kinetics parameters 
Packing density YP/S (% theoretical 
yield) 
QP (g/L.h) QS (g/L.h) 
0.13 0.39 (76) 1.34  3.41 
0.26 0.43 (84) 4.16  1.79  
 
5.2.4. Effect of Flow Rates 
To investigate the effect of flow rates on performance of IHFMB, the 
flow rates was varied from 10 to 20 mL/min. Figure 5-4 shows the glucose 
and ethanol profile from experiment (B3-C2). It can be seen that by doubling 
the flow rate, glucose consumption rate increased 25% and ethanol production 
rate increased 15%, ethanol yield further improved (92% theoretical yield). 
In membrane based separation process, solutes moving from aqueous 
phase to the membrane encounter resistance from boundary layer at the 
solid/liquid phase. The boundary layer is a stagnant region of poor or no 
mixing at the solid/liquid interface, through which the mass transfer is quite 
slow (Gabelman and Hwang 1999). An increase in the flow rate introduces 
more turbulence of the flow area which results in better mixing at the interface 
and the thickness of the boundary layer increases. Consequently, the mass 
transfer resistance decreases and the rate of diffusion of the substrate to the 






Figure 5-4 Effect of flow rate. () ethanol at 20 mL/min; () glucose at 20 
mL/min; () ethanol at 10 mL/min; () glucose at 10 mL/min.  
Table 5-5 Effect of flow rate on kinetics parameter 
Flow rate 
(mL/min) 
YP/S (% theoretical 
yield) 
QP (g/L.h) QS (g/L.h) 
10 0.43 (84) 1.79 4.16 
20 0.47 (92) 2.23  4.76  
5.2.5. Bioreactor Stability 
In order to achieve sustainable high performance fermentation, the 
reusability of the membrane should be effective. In this experiment, repeated 






















During experiment D1, the IHFMB was operated for 252 h to complete 6 
experimental runs. The results are presented in Figure 5-5. After the third run, 
the glucose consumption rate was faster and the fermentation performance 
increased as more cells available for the subsequent run. The fermentation 
improved from 42 hours in the first run to 38 hours in the fifth run. The 
increase in the fermentation performance rate could be attributed to the 
increase in the inoculums size for each subsequent run due to the increase of 
attachment of cells into the membrane.   
The results indicate that the immobilized cells stable over 252 h of 
operation and. These results are significant because they affirm the high 
stability of IHFMB and show that IHFMB can be operated over long periods 
of time without loss of the fermentation capability.   
 
Figure 5-5 Bioreactor sustainability of IHFMB at 200 g/L glucose. (), 
























The performance of the IHFMB was investigated in mitigating substrate 
inhibition at high glucose concentration. Prior to IHFMB operation, the 
inhibitory concentration of glucose for suspended cells of Z. mobilis 
determined was 140 g/L. At this concentration microorganism exhibits a long 
lag phase, low growth rate and low ethanol yield (65%). Using IHFMB, 
microorganism could successfully ferment 200 g/L of glucose. By 
optimization of operating parameters such as packing density (0.26), and flow 
rates at 20 mL/min, IHFMB performance could be further increased and the 
ethanol yield was 0.47 g/g (92% theoretical yield). This IHFMB sustain for six 
runs over 252 h. The results of this research demonstrate that the IHFMB 




CHAPTER 6. IMMOBILIZED-CELL HOLLOW FIBER 
MEMBRANE BIOREACTOR FOR CO-CULTURE ON 
GLUCOSE AND XYLOSE  
6.1. Introduction 
In the previous section, Immobilized-Cell Hollow Fiber Membrane with 
Zymomonas mobilis ATCC 31821 was developed to alleviate inhibitors in 
lignocellulosic hydrolysate and high glucose concentration for effective 
fermentation to bioethanol. However in lignocellulosic hydrolysate, there are 
two dominant sugars glucose and xylose. A complete and efficient conversion 
of both glucose and xylose is a prerequisite for maximizing the profitability of 
an industrial process for bioethanol production. This section aims to evaluate 
the performance of Immobilized-Cell Bioreactor using Zymomonas mobilis 
ATCC 31821 and Pichia stipitis ATCC 58376 for co-fermentation of glucose 
and xylose. Specifically: 
1. Perform baseline study on co-culture of Zymomonas mobilis ATCC 
31821 and Pichia stipitis ATCC 58376 in suspension 
2. Develop a submerged Immobilized-Cell Hollow Fiber Membrane 
Bioreactor for effective co-fermentation on glucose and xylose 




4. Examine long-term stability of bioreactor 
6.2. Results 
In this experiment, Zymomonas mobilis, a glucose-fermenting 
microorganism was chosen to co-culture with Pichia stipitis a xylose-
fermenting yeast. Co-culture in suspension was first carried out to evaluate the 
glucose and xylose consumption. The ratio of glucose/xylose chosen was 2:1 
as this ratio is a common ratio of cellulose/hemicellulose in lignocellulosic 
biomass.    
6.2.1. Co-culture in suspension 
Co-culture of Z. mobilis and P. stipitis in suspension were started by 
simultaneously inoculated both Z. mobilis and P. stipitis into medium. Initial 
concentrations of glucose/xylose were varied from 20/10 to 80/40 g/L. The 














Figure 6-1 Co-culture of Z. mobilis and P. stipitis in suspension. Z. mobilis and P. 
stipitis  are inoculated into medium with (a) 20 g/L glucose and 10 g/L xylose; (b) 40 
g/L glucose and 20 g/L xylose; (c) 60 g/L glucose and 30 g/L xylose; (d) 80 g/L 
glucose and 40 g/L xylose. () glucose; () xylose; (♦) OD600; () ethanol. 
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The results in Figure 6-1 showed that glucose was completely consumed 
within 24 h in all four experiments. Z. mobilis was well known for its efficient 
ethanol fermentation, with sugar uptake and ethanol production rates 3 to 4 
times that of yeast. Additionally, favorable traits of Z. mobilis include high 
fermentation efficiency (about 97%), low biomass yield, high glucose (400 
g/L) and ethanol (100 g/L) tolerance, and simple growth conditions not 
requiring aeration for maintenance of cell viability (Sprenger 1996; Rogers, 
Jeon et al. 2007).  
As shown in Figure 6-1 (a), sugars consumption occurred sequentially 
and glucose was metabolized first by Z. mobilis. Xylose uptake rate 
significantly increased only when glucose had been completely metabolized at 
24 h. Insignificant consumption of xylose (<7%) was observed in the mixture 
when increasing glucose/xylose to 40/20 (g/L). The low uptake of xylose 
could be the presence of glucose which represses enzymes and transporters 
necessary for xylose metabolism. The effect is more pronounced at the initial 
stage because xylose conversion is inhibited at glucose concentration of 2.3 
g/L or higher (Grootjen, Jansen et al. 1991). At other higher concentration of 
glucose and xylose, ethanol produced from glucose fermentation could also 
inhibits P. stipitis growth (Chen 2011) as P. stipitis has low tolerance to 
ethanol (<30 g/L) (Zaldivar, Nielsen et al. 2001). 
6.2.2. Sequential Fermentation without Cell Removal 
In order to mitigate the catabolism repression, sequential fermentation 
was conducted. In this experiment, Z. mobilis was first inoculated. Once 
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glucose had been completely metabolized (24 h), then P. stipitis was 
inoculated into the medium to ferment the residual xylose. It can be seen from 
Figure 6-2 that at low concentrations (g/L) of glucose/xylose 40/20, xylose 
consumption efficiency improved significantly (74%) compared with co-
inoculation of both Z. mobilis and P. stipitis at the start of fermentation 
process. However, at higher concentrations (g/L) of the glucose/xylose (40/20, 
60/30, 80/40), insignificant amount of xylose was consumed. The inefficiency 
of xylose consumption suggests that apart from catabolism repression, there 
was also a negative synergism between two strains. Therefore, P. stipitis could 















Figure 6-2 Sequential co-culture fermentation without cell removal. Z. mobilis 
was inoculated into medium until glucose was completely consumed then P. 
stipitis was added to start ferment xylose. (a) 20 g/L glucose and 10 g/L 
xylose; (b) 40 g/L glucose and 20 g/L xylose; (c) 60 g/L glucose and 30 g/L 
xylose; (d) 80 g/L glucose and 40 g/L xylose. () glucose; () xylose; (♦) 
OD600; () ethanol 
6.2.3. Sequential Co-culture with Cell Removal 
In order to verify the hypothesis that the presence of Z. mobilis was not 
favorable for xylose metabolism by P. stipitis, in these experiments, Z. mobilis 
was first inoculated and delivered to metabolize glucose. After 24 h, the 
medium was centrifuged and a sterilized filter was used to remove Z. mobilis 
from the fermentation broth. Thereafter P. stipitis was inoculated in the 
medium to ferment the residual xylose to ethanol.  Figure 6-3 showed that 
more than 90% xylose was consumed in the medium at initial concentrations 
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of 20 g/L glucose and 10 g/L xylose. However, at other higher initial 
concentration of sugar, xylose could still not be consumed. This could be 
explained due to the low ethanol to ethanol of P. stipitis (<30 g/L) (Preez, 
Bosch et al. 1987). Therefore in order to effectively ferment xylose to ethanol, 
steps should be taken to address all the three concerns: 
1. Minimize catabolism repression 
2. Prevent negative synergism 




















Figure 6-3 Sequential co-culture fermentation with cell removal. Z. mobilis was 
inoculated into medium until glucose was completely consumed, then medium was 
centrifuged to remove Z. mobilis before P. stipitis was added to start fermenting 
xylose. (a) 20 g/L glucose and 10 g/L xylose; (b) 40 g/L glucose and 20 g/L xylose; 
(c) 60 g/L glucose and 30 g/L xylose; (d) 80 g/L glucose and 40 g/L xylose. () 




Table 6-1 shows the summary of all three modes of co-culture in 
suspension. Glucose was completely consumed in all three conditions, 
exhibiting high cell growth and metabolism. However, xylose utilized was 
poor (<20%). Although xylose conversion was 70% at low sugar 
concentration (20 g/L glucose, 10 g/L xylose), increasing sugar concentration 
results in various problems. Glucose may repress xylose, and rapid formation 
of ethanol from glucose may inhibit Pichia stipitis as this yeast has low 
tolerance to ethanol. Inhibitory of P. stipitis to ethanol occurred at 
concentration of 30 g/L (Delgenes, 1998; Chen, 2011). 
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Table 6-1 Co-culture in suspension 
Fermentation 
conditions 





100 100 100 100 
Xylose 
consumed (%) 
68.5 11.1 7.3 2.5 
YP/S (g EtOH/g 
sugar) 







100 100 100 100 
Xylose 
consumed (%) 
74.6 18.4 8.5 2.0 
YP/S (g EtOH/g 
sugar) 







100 100 100 100 
Xylose 
consumed (%) 





6.2.4. Co-culture in Submerged Immobilized-Cell Hollow Fiber 
Membrane Bioreactor (SIHFMB) 
Z. mobilis and P. stipitis were immobilized into hollow fiber membrane 
as described earlier Figure 3-2. Since the concentration of 60 g/L glucose and 
30 g/L xylose were found to be unsuitable for xylose metabolism when both 
the cells were in suspension, this sugar mixture was selected to demonstrate 
the suitability of the SHFMB. Fermentation profile of 60 g/L glucose and 30 
g/L xylose by SHFMB is shown in Figure 6-4. It can be seen that glucose was 
consumed within 24 h and xylose was also simultaneously utilized. About 
63% of xylose was consumed after 48 h. The final ethanol yield reached 0.37 
g/g (72.5% theoretical yield).  
 
Figure 6-4 Efficiency of Submerged Immobilized-Cell Hollow Fiber 
Membrane Bioreactor. () glucose; () xylose; (♦) OD600; () ethanol. 
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6.2.4. Effect of Aeration 
As P. stipitis requires microaerophilic condition for ethanol production, 
air was sparged into fibers with immobilized P. stipitis at the rate of 0.1 
L/min. Xylose consumption increased from 63% to 71% on aeration. 
 
Figure 6-5 Effect of aeration on xylose consumption. () glucose; () 
xylose; () ethanol 
6.2.5. Effect of Cell Ratio 
To further increase xylose consumption, the effects of increasing the 
inoculum size of P. stipitis in SHFMB were investigated. The number of 
immobilized P. stipitis fiber was double. Xylose consumption significantly 
increased to 83% and ethanol yield improved to 0.42 g/g (82.3% theoretical 
yield). This increase in the SHFMB performance could be due to two reasons: 
1. Increasing the number of fibers increased the amount of yeast 
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2. Increasing the fiber also increase the mass transfer area, resulting in 
better rate of supply of the substrate to the microorganism. 
 
Figure 6-6 Effect of surface area on xylose consumption. () glucose; () 
xylose; () ethanol. 
6.2.6. Effect of Initial Sugar Concentration 
Since the immobilized microorganism exhibited an excellent tolerance to 
high sugar, inhibitors and ethanol concentration, experiments were carried out 
to investigate the effects of high sugar concentration on SHFMB performance. 
Fermentations was carried out at initial sugar level of 40 g/L glucose and 20 
g/L xylose, 60 g/L glucose and 30 g/L xylose, and 80 g/L glucose and 40 g/L 
xylose with 60 fibers of immobilized Z. mobilis and 120 fibers of immobilized 
P. stipitis. As shown in Figure 6-7 and Table 6-2, xylose was simultanously 
fermented with glucose. At lower initial sugar concentration of 40 g/L glucose 
and 20 g/L xylose, glucose and xylose was completely consumed with high 
ethanol yield (86% theoretical yield). Increasing concentration of 
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glucose/xylose to 80/40 g/L, xylose consumed reached 84.2% with ethanol 
yield of 79% theoretical yield. It can also be seen from the results that xylose 
degradation did not stop during entire operation. Although the rate was slow, 




Figure 6-7 Co-culture in SHFMB with increased initial sugar concentration. 
() glucose; () xylose; () ethanol  
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Table 6-2 Effect of initial sugar concentration 




100 100 100 100 
Ethanol yield (g 
EtOH/g total 
sugar) 




83.3 90.3 93.5 93.6 
Ethanol yield (g 
EtOH/g total 
sugar) 




77.1 80.2 82.1 84.2 
Ethanol yield (g 
EtOH/g total 
sugar) 
0.37 0.39 0.40 0.40 
 
The results from this study were compared with those of other co-culture 
systems Table 6-3. Most of other systems used lower total sugar concentration 
(<80 g/L) with the xylose ratio of 0.3-0.5. Ethanol yield ranged from 0.35-0.40 
reaching the maximum ethanol concentration of 30 g/L. In this study, the 
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immobilized-cell hollow fiber membrane successfully co-fermented 40 g/L 
xylose with the presence of 80 g/L glucose producing 48 g/L ethanol (79% 
theoretical yield). This demonstrated the advantage of SHFMB over other 




Table 6-3 co-culture system 
Co-culture system Medium Performance References 
E. coli KO11- S. 
cerevisae TJ1 
27 g/L glucose, 
17 g/L xylose 
CEtOH= 30.3 g/L 
YP/S=0.42 
(Okuda, 





30 g/L glucose, 












(De Bari, Cuna 
et al. 2004) 
Z. mobilis- P. 
stipitis 
30 g/L glucose, 
20 g/L xylose 




70 g/L glucose, 
10 g/L xylose 
CEtOH=23 g/L 
YP/S=0.35 
(De Bari, De 













80 g/L glucose,  









An efficient conversion of glucose and xylose is a requisite for a 
profitable process of bioethanol from lignocellulose. A submerged 
immobilized-cell hollow fiber membrane bioreactor (SHFMB) was developed 
to simultaneously convert glucose and xylose to ethanol. Zymomonas mobilis 
ATCC 31821 and Pichia stipitis ATCC 58376 were immobilized separately in 
the hollow fiber membranes and then were incorporated into the SHFMB for 
co-fermentation of glucose and xylose. 
Baseline studies performed in free suspension showed that co-culture of 
Z. mobilis and P. stipitis in the suspension was unable to convert completely 
xylose in the presence of glucose. It could be due to the glucose repression, 
and ethanol inhibition from glucose fermentation. It was also observed that in 
the presence of Z. mobilis, P. stipitis appears to be inhibited.  
SHFMB facilitated efficient bioethanol production by shielding the P. 
stipitis cells from glucose repression and product inhibition. The SHFMB 
could also separate the Z. mobilis cells from P. stipitis for process optimization 
and also the negative interaction between two strains. The bioreactor 
performance was evaluated at various operating parameters including the 
initial concentration of glucose and xylose, packing density of fibers 
containing different microorganisms and under regulated oxygen supply. 
Through co-culture fermentation in the SHFMB, 40 g/L xylose could be easily 
converted into bioethanol in the presence of 80 g/L glucose achieving about 
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79% of theoretical ethanol yield. The SHFMB remained stable at identical 
conditions over 200 hours. The results indicated that the SHFMB could serve 
as the model system to reduce glucose repression of pentose-fermenting yeasts 
during the fermentation of mixed sugars. Membrane encapsulated bacteria can 
also be protect from inhibitory stress of the substrate, the product or other 
inhibitory compounds.  It was also observed that immobilization significantly 











CHAPTER 7. SIMULTANEOUS SACCHARIFICATION 
AND CO-FERMENTATION WITH HIGH SOLID 
LOADING FOR LIGNOCELLULOSIC BIOETHANOL 
PRODUCTION 
7.1. Introduction 
One of the major bottlenecks in sustainable and economical production 
of cellulosic ethanol is the low sugar yield from biomass after enzymatic 
hydrolysis. The low concentration of sugars results in low ethanol 
concentration during fermentation, which in turn increases energy 
consumption for downstream ethanol separation. On approach to obtain high 
fermentable sugar concentration is high solid loading in the bioreactor. 
However, high solid loading during fermentation results in various problems 
including difficulty in mixing solids exceeding 15% (Lynd 1996). A favorable 
strategy to overcome this problem is to use fed-batch simultaneous 
saccharification and fermentation, in which the pretreated solid substrate is fed 
at different scheduled time to minimize non-uniformity in the system. 
Furthermore, to effectively ferment the sugars resulting from high loading 
slurries, the cells should be able to tolerate high concentrations inhibitors and 
should be convert both glucose and xylose with high ethanol yield.  
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In the prior sections, the use of Submerged Immobilized-Cell Hollow 
Fiber Membrane Bioreactor with Z. mobilis and P. stipitis has been 
successfully demonstrated in alleviating inhibitors in hydrolysate and 
facilitating co-fermentation of xylose in the presence of glucose. The aim of 
this study was to evaluate the performance of Submerged Immobilized-Cell 
Hollow Fiber Membrane Bioreactor in Simultaneous Saccharification and 
Fermentation with high loading of Jatropha curcas fruit hulls. Specifically: 
1. Evaluate pretreatment for Jatropha curcas fruit hulls to effectively 
preserve both cellulose and hemicellulose 
2. Investigate Simultaneous saccharification and fermentation with 
Submerged Immobilized-Cell Hollow Fiber Membrane Bioreactor 
at high solid loading. 
3. Examine long-term operation of SHFMB 
7.2. Results & Discussion 
7.2.1. Composition of Jatropha curcas fruit hulls 
Figure 7-1 shows the Jatropha curcas fruit hulls used as 
lignocellulosic biomass for bioethanol production. As shown in Table 
7-1, amongst the three major components of lignocellulosic biomass, 
cellulose has the highest composition of 32.2% (w/w), followed by 
hemicelluloses of 22.2% (w/w) and lignin of 17% (w/w). The results are 
within the reported values as lignocellulosic biomass typically consists 
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of cellulose (35~50% [w/w]), hemicellulose (20~30% [w/w]) and lignin 
(15~25% [w/w]) (Wyman, 1994). The high cellulose and hemicellulose 
content is preferred as it represents the availability of material for 
conversion to glucose, and subsequently to ethanol; while low lignin 
content is desirable for the accessibility to cellulose and reduction of 
inhibitory compounds during subsequent processing to ethanol (Sharma, 
Pandey et al. 2009). 
 
 













32.2 22.2 17 
 
Three different pretreatment methods were performed as shown in Table 
7-2 to evaluate the most effective pretreatment for Jatropha curcas fruit hulls. 
Effectiveness of pretreatment were evaluated according to the solid recovery 
of cellulose and hemicellulose, the sugar release during enzymatic hydrolysis, 
the inhibitors generated in the hydrolysate, and ethanol yield and productivity 
during fermentation.   
Jatropha curcas fruit hulls were pretreated as the methods shown in 
Table 7-2. Solid/liquid fraction of 1:10 was added to the bottle and autoclaved 
at 121oC for 60 min. Liquid includes water, dilute 1.5% hydrochloric acid and 
1.5% sodium hydroxide. After the pretreatment, liquid and solid was separated 
by centrifugation and vacuum filtration. The slurry after pretreatment was 
recovered and residual solid was separated by filtration and dried in oven at 
50oC for 48 h. The solid fraction was collected for compositional analysis and 
later directly used in SSF without any treatment. Liquid fraction was analyzed 




Table 7-2 Pretreatment methods for Jatropha curcas fruit hulls 
Pretreatment method Condition for pretreatment 
A- Thermal 
autoclaving 
Solid/Liquid=1:10, 121oC, 60 min 
B- Dilute HCl 
solution 
1.5% HCl; Solid/Liquid=1:10; 121oC, 60 min 
C- Dilute NaOH 
solution 
1.5% w/v; Solid/Liquid=1:10; 121oC, 60 min 
 
The percentage of sugar solubilized during three pretreatments is shown 
in Table 7-3. In all cases, most of the cellulose remained in the solid fraction, 
releasing only 0.25 to 1.61 g glucose/100 g raw material (RM) into the liquid 
phase. Xylose release was also low during pretreatment A and C (<1 g/100 g 
RM), but it was relatively high for pretreatment B (18.3 g/100 g RM 
accounting for 82% of the initial xylose in raw material). These results are 
within the range of values reported in literature (Alvira, Tomás-Pejó et al. ; 
Alizadeh, Teymouri et al. 2005; Galbe and Zacchi 2007).  
Liquids also presented low glucose and xylose release with values lower 
than 2 g/ 100 g RM except for xylose in treatment with HCl (B). For all 
pretreatment, cellulose solubilization and degradation was lower as compared 
to hemicelluloses and lignin. Therefore, the pretreatment resulted in a relative 
increase in cellulose percentage in the pretreated solid. The more lignin and 
hemicelluloses was removed, the higher cellulose content in the solid.  
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In pretreatment A, the percentage of cellulosic fraction and acid-
insoluble lignin slightly increased (2.1%, 2.1% respectively) while 
hemicelluloses dropped 3.3%. This pretreatment was minimal and only 
marginal amount of lignin was removed. In pretreatment B, the percentage of 
cellulose increased by about 80% mainly due to a decrease of 76% in 
hemicelluloses. This decrease was caused by the high solubilization of xylose 
with the pretreatment. However, this treatment also resulted in a slightly 
increase in lignin percentage. In pretreatment C, cellulose concentration 
increased by 60% due to a significant decrease of lignin concentration by 




Table 7-3 Effect of pretreatment on sugar solubilization and solid composition 
Pretreatment 
condition 
Sugar in liquid (g/100g raw 
material) 









A 0.25 0.32 34.1 18.9 19.1 
B 1.61 18.3 58.2 5.2 19.0 
C 0.85 0.94 51.7 19.5 8.7 
 
Enzymatic hydrolysis was conducted with the pretreated solid to 
evaluate the sugar release into the hydrolysate. After 72 h of hydrolysis at 
50oC, the hydrolysate was collected for sugar analysis and the concentration of 
the entire hydrolysate was then used as the substrate in fermentation. Table 
7-4 summaries inhibitor concentrations in hydrolysate after 72 h of enzymatic 
hydrolysis. Formic acid and acetic acid and vanillin appeared in all 
pretreatment while furfural and 5-HMF were detected in pretreatment B. High 

















A 0.12 1.35 0 0 0.9 0.1 
B 0.93 2.12 0.92 1.12 1.62 0.59 
C 3.02 5.32 0.03 0.05 3.25 0.09 
 
The hydrolysates were then used as substrate for fermentation. Sugar 
concentration, percentage of sugar conversion from pretreated material and 
ethanol concentration were presented in Table 7-5. Glucose and xylose 
concentrations in the hydrolysate pretreated with method C were higher than 
with methods A and B. Around 54% of glucose and 67% of xylose were 
released despite the presence of  a substantial amount of formic acid, acetic 
acid and vanillin. This rise in hydrolysis yields is due to the effect of the 
pretreatment on biomass porosity and internal surface, caused by the high 
removal of lignin. However, despite high sugar concentration in the 
hydrolysate, ethanol production was low with the product yield reaching only 
0.26 g ethanol/g sugar (51% theoretical yield). These results suggest that there 





Table 7-5 Sugar and ethanol yield  
Pretreatment 
g/L glucose  
(% conversion 
from cellulose) 
g/L xylose  
(% conversion from 
hemicellulose) 
 
g/L ethanol   
(g/g total sugar) 
A 10 (29) 3 (16) 5 (0.38) 
B 18 (30) 1 (19) 5 (0.26) 
C 28 (54) 13 (67) 10 (0.24) 
 
Based on high sugar recovery and concentration release in the 
hydrolysate, method C was selected for pretreatment of Jatropha curcas fruit 
hulls. 
7.2.2. Simultaneous saccharification and co-fermentation in SHFMB 
Fed- batch SSF of pretreated wet hulls was performed for ethanol 
production. Bioreactor with 60 fibers of immobilized Z. mobilis and 120 fibers 
of P. stipitis was used to ferment in the absence of any sugar. 10% of solid 
was initially loaded into bioreactor as shown earlier in Figure 3-2. There was a 
modification in the system. As the reactor was operated with solid, there was 
no pump to circulate the slurry. Cellulase of 10 FPU/g solid was added to the 
mixture for hydrolysis. Dry solid was added into reactor with 10% at 12 h and 
with 8% at 36 h.  Final total dry solid added into reactor was 28%. 
Concentration profile of glucose, xylose and ethanol during fermentation are 
shown in Figure 7-2.  
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As shown in Figure 7-2, glucose concentration increased quickly at the 
beginning of SSF and decreased after 6 h. After feeding the second loading of 
10% at 12 h and 8% at 36 h, glucose and xylose increased gradually. Ethanol 
concentration increased exponentially till 48 h. After 48 h, glucose 
concentration decreased and depleted at 72 h. On the other hand, concentration 
increased to 18 g/L which equals to 33% xylose in the total solid loading. 
Acetic acid and formic acid were released into fermentation broth at 
concentrations of 10 g/L and 6.2 g/L, respectively. These concentrations of 
acetic acid and formic acid may have inhibitory effects on cell growth and 
metabolism of Z. mobilis and P. stipitis (Chandel, da Silva et al. 2013). Acetic 
acid dissociates inside the cell, disrupts pH and inhibits cell growth and 
metabolism, whereas formic acid inhibits the cell growth by increasing cell 
membrane permeability. However SHFMB showed that despite the presence 
of inhibitors, fermentation proceeded with glucose depletion at 72 h. Ethanol 







Figure 7-2 Simultaneous saccharification and fermentation with fed-batch 





7.2.3. Effect of Aeration 
To further improve the fermentation performance, aeration was supplied 
to the membrane with immobilized P. stipitis. When aeration at flow rate of 
0.1 L/min was provided to the immobilized fiber with P. stipitis, the 
conversion of xylose to ethanol significantly improved. As can be seen in 
Figure 7-3, the residual xylose concentration decreased to 9.8 g/L after 84 h 
upon aeration.  
 
Figure 7-3 Effect of aeration on SSF in SHFMB. 
7.2.4. Effect of Cell Ratio 
As there was residual xylose in slurry, further improvement was carried 
out by increasing the number of immobilized P. stipitis. When the 
immobilized P. stipitis fibers increased from 120 fibers to 180 fibers, both the 
rate and extent of xylose conversion were improved. The result in Figure 7-4 
showed a complete xylose metabolism produced 74 g/L ethanol at 72 h, 





Figure 7-4 Effect of ratio of cell.  
7.2.5. Long-term operation 
In order to achieve sustainable high performance fermentation, the 
reusability of the membrane should be effective. In this experiment, using the 
same immobilized-cell membrane for three repeated runs was investigated. It 
was observed that for three runs over 216 h (Figure 7-5), no significant change 
in the performance for the sequential runs was observed. All the runs followed 
the same transformation. Glucose and xylose were consumed completely. 
Ethanol peaked at 74.5 g/L after 72 h processing simultaneous saccharification 








Figure 7-5 Long-term operation. . (♦) glucose; () xylose; () ethanol 
7.3. Conclusions 
The conversion of all fermentable sugars at high substrate loading can 
contribute to making lignocellulosic bioethanol production economically 
viable. In the present work, Jatropha curcas fruit hulls have been explored as 
a lignocellulosic biomass for ethanol production. Three strategies for biomass 
pretreatment using steam, dilute acid and alkaline were investigated. Dilute 
alkaline with 1.5% sodium hydroxide was considered the most suitable 
pretreatment for Jatropha curcas fruit hulls, as high sugar were obtained in 
enzymatic hydrolysis. However, Jatropha curcas fruit hull slurry obtained 
from alkaline pretreatment showed relatively high concentration of 
degradation compounds. Fed-batch operating strategies using immobilized-
cell hollow fiber membrane showed a success in converting 28% of pretreated 
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biomass into 59 g/L ethanol (60% theoretical yield). Further improvement was 
carried out by optimizing operating parameters including increasing the 
packing density of immobilized P. stipitis, and aeration flow rate. Fed-batch 
simultaneous saccharification and fermentation mode showed feasibility to 
ferment up to 28% dry solids producing 74 g/L ethanol and achieving 80% 
conversion of total sugar to ethanol. Sustainability results demonstrated that 
the bioreactor was stable over three batches during 216 h with high yield and 
productivity of ethanol.  This proves the promising of immobilized-cell hollow 




CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS 
8.1. Conclusion  
In this research program, immobilized-cell hollow fiber membrane 
bioreactor was developed to mitigate various operational issues in 
fermentation process of lignocellulosic bioethanol. The overall challenge was 
to effect more effective, economical and sustainable lignocellulosic bioethanol 
production. The strategy was to use the membranes as a barrier for cells to 
alleviate inhibitory effects of the toxic compounds in the hydrolysate, high 
concentration of ethanol and glucose. The membrane could also separate each 
cells from each other to prevent the negative interaction and also prevent 
glucose depression in co-culture fermentation.  
The IHFMB with actively growing Zymomonas mobilis ATCC 31821 
immobilized within the porous matrix from the toxic inhibitors was 
successfully ferment 20 g/L glucose in the presence of high concentration of 
inhibitors (2 g/L furfural, 4 g/L hydroxymethylfurfural, 2 g/L vanillin 1 g/L 
syrinaldehyde. Glucose was consumed within 15 hours and 95% of the 
theoretical ethanol yield was achieved. Optimizing the packing density and 
feed flow rates gave 71% and further 28% increase in ethanol productivity. 
The IHFMB was operated for 20 consecutive batch operations for 240 h at 
identical conditions and the bioreactor performance remained stable. The 
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results indicate that the use of IHFMB can simplify bioethanol production 
process by reducing pre-fermentation treatment steps. 
The performance of the IHFMB was proved to mitigate substrate 
inhibition at high glucose concentration. Using IHFMB microorganism could 
successfully ferment 200 g/L of glucose with high ethanol yield (92% 
theoretical ethanol yield). The reusability results demonstrated that the 
IHFMB was stable for 6 batches over 252 h.  
To further improve the efficiency of lignocellulosic bioethanol 
fermented in the IHFMB, the IHFMB was modified to submerged 
immobilized-cell hollow fiber membrane bioreactor (SHFMB) to 
simultaneously convert glucose and xylose to ethanol through co-culture. 
Zymomonas mobilis ATCC 31821 and Pichia stipitis ATCC 58376 were 
immobilized separately in the hollow fiber membranes and then were 
incorporated into the SHFMB for co-fermentation of glucose and xylose. 
Through co-culture fermentation in the SHFMB, 40 g/L xylose could be easily 
converted into bioethanol in the presence of 80 g/L glucose achieving about 
79% of theoretical ethanol yield. The SHFMB remained stable at identical 
conditions over 200 hours. 
The SHFMB was finally used to simultaneous saccharification and co-
fermentation of Jatropha curcas fruit hull at high solid loadings for high 
ethanol titer. Fed-batch mode showed the ability of the IHFMB in fermenting 
up to 28% dry solids with 80% conversion of the sugar to ethanol. Bioreactor 
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sustainability results demonstrated that the SHFMB was stable over three runs 
during 252 h with high yield and productivity. 
The results from this research demonstrated the strengths and potential 
of the Immobilized-Cell Hollow Fiber Membrane Bioreactor in lignocellulosic 
bioethanol production. It was observed that the immobilized-cell hollow fiber 
membrane bioreactor facilitated efficient bioethanol production by shielding 
the cells from toxicity of lignocellulose derived inhibitors, glucose repression 
and product inhibition. The immobilized-cell hollow fiber membrane 
bioreactor could also separate the co-culture cells from each other for process 
optimization, resulting in high flexibility in optimizing the operation. The 
IHFMB also exhibited high stability and sustainability in long term operation. 
By allowing Z. mobilis and P. stipitis cells to co-exist, grow and ferment 
glucose and xylose, the IHFMB achieved high sugar conversion and ethanol 
yield approached theoretical maximum. These results indicate that IHFMB can 
facilitate a robust process tolerance, a resistant to inhibitors, co-fermentation 
of sugar and integrating multiple processes in single reactor. It can be a 
formidable system in achieving an efficient and sustainable fermentation for 
lignocellulosic bioethanol production. 
8.2. Recommendations 
Several potentials aspects of the immobilized-cell hollow fiber 
membrane for improvements in future studies could be conducted.  
 141 
 
1. Diverse kinetic model have been proposed for pure culture, however very 
little investigation has been done on modeling of co-culture system to 
describe the dynamics of the system quantitatively. Study on the kinetics 
model could be used as a powerful tool to help obtain optimum operating 
conditions, achieve sufficient profitability, and reduce test by eliminating 
possibilities.  
2. This system was conducted at laboratory scale with relatively small 
volume. For simplicity, the synthetic medium with the ratio of 
glucose/xylose of 2/1 was used. For co-fermentation of glucose and 
xylose, both the initial total sugar and the proportion of glucose and 
xylose play important roles in affecting fermentation performance. 
Therefore, investigating how these two factors could affect the system is a 
requirement in order to understand the performance of the system. 
3. Further integrating into this system can be performed by incorporating 
immobilized enzymes. Currently enzymes have not been reused and are 
responsible for significant increase in bioethanol production cost. 
Incorporation of immobilized enzyme in immobilized-cell hollow fiber 
membrane bioreactor to retain and reuse enzymes could be a promising 
strategy. 
4. Product inhibition is one of the inherent problems associated with liquid 
biofuel fermentation, this results in high energy requirement for solvent 
distillation and high waste water pollution. Coupling the strategies to 
remove ethanol from the broth should significantly improve ethanol 
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